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Simultaneous determination of chlorine and oxygen
evolving at RuO,/Ti and RuO,-TiO,/Ti anodes
by differential electrochemical mass spectroscopy
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Chlorine and oxygen evolving at RuO,/Ti and RuO,-TiO,/Ti anodes have been simultaneously
determined at electrode potentials from 1.0 to about 2V (vs Ag/AgCl) by differential electrochemical
mass spectroscopy (DEMS). On the RuO,/Ti anodes, the threshold electrode potential for oxygen
evolution increased with a decrease in RuO, loading, while the chlorine evolution potential was
unchanged. Low RuO, loading anodes gave a high chlorine evolution ratio under various constant
electrolysis potentials. On the RuO,-TiO,/Ti anodes, the threshold electrode potential for oxygen
evolution increased with an increase in the TiO, content more remarkably than that for chlorine
evolution. High TiO, content anodes gave a high chlorine evolution ratio at various constant elec-
trolysis potentials. The combination of RuO, and TiO, exhibits a remarkable effect with respect to
the enhancement of chlorine evolution selectivity.
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1. Introduction

RuO,-based oxide coated titanium electrodes are
important anodes in the chlor-alkali industry [1].
TiO, and IrO, are predominantly used as additives to
increase the activity, selectivity and stability of the
electrodes toward chlorine evolution [2—0].

Because RuQ; is an active electrocatalyst for ox-
ygen evolution, as well as for chlorine evolution [7],
the two parallel electrochemical reactions can occur
at the RuO,-based oxide anodes. The standard elec-
trode potentials of the reactions [8] are

Cl, +2¢- == 2CI~ Ey=1.358V(25°C)
and

O, +4H" +4e~ == 2H,0  Ey=1.229V(25°C)

The rate of these reactions depends on the concentra-
tion of the chloride ion in the electrolyte and on the
oxide composition of the anodes. In an early work on
the chlorine-to-oxygen evolution ratio at anodes, the
ratio was shown to be depressed in the low-current
density region [2]. However, the effect of the anode
oxide composition on the chlorine evolution selectivity
has not yet been fully clarified. Thus, the simultaneous
determination of chlorine and oxygen in the competi-
tive evolution will assist in understanding the effect.
Differential electrochemical mass spectroscopy
(DEMS) [9-12] developed by Wolter and Heitbaum is
advantageous for online identification and quantita-
tive detection of the electrochemical products and
intermediates. Wohlfahrt-Mehrens and Heitbaum
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applied the DEMS technique to an oxygen isotope
study of oxygen evolution at RuO, anodes [10]. The
present authors have previously applied this tech-
nique to a RuO,-TiO,/Ti anode and determined both
the threshold electrode potentials of the individual
evolutions (chlorine and oxygen) and the chlorine
evolution ratio, R(Cl,), in NaCl solution.

In this paper, competitively evolving chlorine and
oxygen were simultaneously determined by the
DEMS technique for the RuO,-TiO,/Ti anode sys-
tem under relatively low NaCl concentration condi-
tions. The present paper discusses the dependencies
of oxide loading, anode oxide composition and
chloride ion concentration on both the threshold
electrode potentials for each gas evolution and the
chlorine evolution ratio.

2. Experimental details
2.1. Samples

Substrates of the oxide-coated electrodes were 99.5%
titanium rods 1.6 mm (diam.) X 150 mm in size. They
were etched in 10% aqueous oxalic acid at 80 °C for 1 h,
washed ultrasonically with distilled water and then
dried. The oxide electrodes were prepared by repetition
of the following coating process ten times: dipping of
the substrate into the n-butanol solution of the mixture
of 0.53 M RuCl; and 1.04 M Ti(OBu)y, drying at 60 °C
for 10 min, and thermal decomposition of the coated
metal salts and butoxide at 450 °C for 10 min.
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The oxide loading was determined by weight differ-
ence before and after electrode preparation [13]. The
measured oxide loadings of the RuO,/Ti electrodes were
prepared with different solutions of RuCl;—n-BuOH
solution concentrations (0.067-1.06 m), about 0.1—
0.9mg em~2, and those of the RuO,-TiO,/Ti electrodes
prepared with different compositions of RuCl;—Ti-
(OBu),~n-BuOH solutions were about 0.5-0.7 mg cm ™.

To adjust the apparent surface area of the elec-
trode to 0.5cm?, the excess area of the oxide film was
removed prior to the electrochemical measurements.

2.2. DEMS system and measurements

The DEMS system used in this study is shown in
Fig. 1. The electrochemical cell was separated from
the vacuum line by a porous PTFE membrane
(100 um in thickness, Japan Gore-Tex Co., Ltd)
supported by a glass tube with a pin hole. An oxide
electrode was placed against the PTFE membrane.
The counter electrode and reference electrode in the
electrochemical cell were a platinum net and a Ag/
AgCl electrode, respectively. The electrolyte was an
aqueous solution of NaCl+ 0.1 m HCIO,4, which was
carefully purged of air with Ar gas and kept at 25°C.
To maintain the concentration and temperature as
constant as possible, the electrolyte solution was
slowly circulated between a reservoir and a cell
(~20mlmin~"), where 300ml of electrolyte solution
was used. The amount of chloride ion in the elec-
trolyte gradually decreased in duration of the elec-
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Fig. 1. The DEMS system: (a) Pumping system: QMS, quadrupole
mass spectrometer; RP, rotary pump; TMP, turbo molecular
pump; PC, personal computer. (b) Electrochemical cell: WE,
working electrode; CE, counter electrode; RE, reference electrode.

trolysis; however, the total amount of chloride ion
oxidized to chlorine gas after the electrolysis corre-
sponded to 4%, at the greatest, of the initial amount
of chloride ion in the electrolyte ([NaCl] = 0.3m +
[HCIO4] = 0.1 m). The gaseous products generated at
the oxide electrodes were sucked into the vacuum line
through the hydrophobic porous PTFE membrane
and introduced to the quadrupole mass spectrometer
(MSQ-101, ULVAC Corp.). During the measure-
ments, the amounts of each product were followed by
mass intensity, iy, and current density, i. The sweep
rate of the electrode potential was 0.1 mVs™', suffi-
ciently slow to follow the change in the amount of the
products against the low diffusion speed through the
PTFE membrane. The lag time was within about 30 s.

A potentiostat (HA-151, Hokuto Denko) and a
function generator (HB-104, Hokuto Denko) were
used for the voltammetric measurements. /R com-
pensation was carried out by the current-interruption
technique after a series of DEMS measurements with
solution resistance using a Solartron 1286 electro-
chemical interface (Solartron Corp.).

2.3. Evaluation of the threshold potentials for the gas
evolutions

Figure 2 shows a typical voltammetric curve, E/i, and
the mass detection curves, E /iy, for Cl1" (m/e = 35)
and O3 (m/e = 32) for the RuO,(100%)/Ti electrode.
The threshold electrode potentials for the evolution of
each product were evaluated from the curves, where
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Fig. 2. The voltammetric current, i, and the mass detective current
im, for Cl*(m/e =35) and Oj (m/e = 32) against electrode po-
tential, E. Working electrode was RuO,(100%)/Ti. Electrolyte was
an aqueous solution of 0.3 M NaCl + 0.1 M HCIO,. Potential sweep
0.lmVs™.
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the threshold potential, E};, was the intercept of the

extrapolation of the linear part of the E /iy, curve.
2.4. Evaluation of the chlorine evolution ratio R(Cl>)

The chlorine evolution ratio, R(Cl,), was calculated
from the ratio of the amount of chlorine mass in-
tensity to that of the mass intensity of total products,
after about 8 min holding at each constant electrode
potential. Although the detected gas at QMS was a
part of all the products, the gas translation ratios of
chlorine and oxygen for the PTFE membrane were
previously measured at QMS, and the chlorine evo-
lution ratio, R(Cl,), can be determined using the
previously determined value. The standard deviation
of data was about 0.1. The io,, ic1,/E curves for some
anodes were estimated based on both the i/FE curves
and each gas evolution ratio determined by DEMS.

3. Results and discussion
3.1. Chloride ion concentration effect

Figure 3 shows the threshold potentials of both chlo-
rine and oxygen evolutions evaluated on a RuO,/Ti
anode (the oxide loading is about 0.5 mgcem™) in vari-
ous NaCl concentrations. Threshold potentials for
chlorine evolution decreased with an increase in chlo-
ride concentration, while those for oxygen evolution
increased. Thei/E and io,, i), /E curves on the RuO,/Ti
anode in a dilute NaCl solution and those in a concen-
trated solution are shown in Fig. 4(a) and (b), respec-
tively. These show that both the selectivity of the
chlorine evolution and the current density depend on
the CI” concentration. Figure 5 shows the chlorine
evolution ratio, R(Cl,), against the electrode potential
on the RuO,/Ti anode in solutions with various CI™

1.35 T T T T

T

1.30 ]

1.25 1

1.20 T

E/V (vs Ag/AgCl)

1.15 7]

| 1 |

0O 05 1 15 2
[ NaCl ] / mol dm™

2.5

Fig. 3. Threshold potential for each gas evolution against CI~
concentration of NaCl aqueous solution with the 0.1 M HCIO4 on
RuO,(100%)/Ti electrode. Potential sweep 0.1mV s™'. Key: (O)
threshold potential £} (Cl) for chlorine evolution; (@) threshold
potential Ej; (O,) for oxygen evolution.
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Fig. 4. i/E (O) and ic,/E (O), io,/E (@) curves for RuO,/Ti
electrodes in different concentrations of CI™: (a) [C17] 2 M, (b) [C]T]
0.3 M for RuO,/Ti electrode.

concentrations. In order to clarify the character of this
oxide electrode system for chlorine evolution selectivity,
an electrolyte of fairly low concentration of NaCl
(0.3 M) was used, although this condition is consider-
ably different from that in industrial electrolysis.

3.2. Oxide loadings of RuO,/Ti electrode

B

As shown in Fig. 6, the threshold potentials, £}, for
the oxygen evolution considerably increased with a
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Fig. 5. Chlorine evolution ratio, R(Cl,), against electrode poten-
tial, E, for each of the C1” concentrations of NaCl aqueous solution
with the 0.1 M HCIO, for RuO,/Ti electrode. Key: (O) 0.3, () 0.5,
(A) 1 and (@) 2m NaCl.
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Fig. 6. Threshold potentials (a) £, (Cl,) for chlorine evolution,

and (b) E}; (O,) for oxygen evolution against the RuO, loading of
RuO,/Ti anode. Potential sweep 0.1 mVs™'.

decrease in the RuO, loadings on RuO,/Ti anode,
while the threshold potentials, £}, for the chlorine
evolution remained unchanged.

Figure 7 shows the i/E and io,,ic),/E curves for
two oxide loading RuO,/Ti anodes: (a) RuO,
(0.1mgem™)/Ti and (b) RuO, (0.9mgcm )/Ti.
Figure 8 shows the chlorine evolution ratio, R(Cl»),
against the electrode potential for these oxide-coated
electrodes. Though the total current density was not
proportional to the oxide loading, it increased with
an increase in the RuO, loading. The electrolysis
proceeded not only on the outer part of the porous
RuO, layer, but also on its inner part, while the
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Fig. 7. i/E (O) and ic,/E (O), io,/E (@) curves for two RuO,/Ti
electrodes with different amount of oxide loading: (a) 0.1 and (b)
0.9mgcem ™ RuO,/Ti.
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Fig. 8. Chlorine evolution ratio, R(Cl,), against electrode poten-
tial, E, for each loading of RuO,/Ti anode. Key: (©) 0.1, (<) 0.2,
(O) 0.5 and (A) 0.9 mgem ™2 RuO».

contribution of the inside part of the oxide layer to
the total chlorine evolution would be relatively low
(Fig. 7). The comparison of Fig. 7(a) with Fig. 7(b)
suggests that the increase in RuO, loading resulted in
the increase in the oxygen evolution ratio.

In spite of the same composition (RuO,/Ti), the
chlorine evolution selectivities of these oxide elec-
trodes depended on the amount of oxide loading.
This may be attributed to the porous structure of the
oxide electrodes as will be described below.

The oxide loading of the RuO,/Ti anode was
controlled by the concentration of the RuCl; solution
used for the sample preparation. Because the surface
electric charge of the anode was almost proportional
to the RuO, loading, as shown in Fig. 9, the con-
centration of the RuCl; solution seems to scarcely
affect the size of the RuO, particles and the micro-
structure of the RuO, layer. The variation of the
oxide loading probably affected only the ratio of the
inner to the outer surface.

Burke and Murphy [14] and Trasatti et al. dis-
cussed the mass transfer effect about the inner and
outer surfaces of the porous RuO, electrodes [15].
The former group found that the chlorine gas evo-
lution reaction is independent of the oxide loading of
the RuO,/Ti anode, and apparently depends on the
external surface areca. On the contrary, the oxygen
evolution current density was proportional to the
oxide loading of the electrode. They explained that
the main factor influencing the rate of chlorine evo-
lution was assumed to be the transfer of chlorine gas
away from the electrode surface. This interpretation
may be valid for the evolution behaviour of oxygen
and chlorine in this investigation. Additionally, if
some chlorine evolved even at the inner part of the
oxide layer, it is possible that the diffusing chlo-
ride ions from the external surface are significantly
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Fig. 9. Surface electric charge of anode against RuO, loading in
0.5M H,SO,. Potential sweep range and potential sweep rate 0.3—
1.1V vs RHE and 50mVs™', respectively.

consumed to form Cl, before they arrive at the inner
part (Fig. 10). However, this explanation does not
account for the origin of the threshold potential
changes in oxygen evolution.

3.3. RuO>-TiO,/Ti electrode

As shown in Fig. 11, the threshold potential, £}, for
oxygen evolution considerably increased with an in-
crease in the TiO, content, while those for chlorine
evolution remained unaltered or slightly increased.
Although the same measurements were performed for
the TiO,/Ti electrode, evolution of neither oxygen nor
chlorine was observed. The inset of Fig. 11 expresses
an oxidation peak potential of Ru(1ir) = Ru(1v) on the
RuO,-TiO,/Ti anodes in 0.5m H,SO,4. The depen-
dence of the peak potentials on the RuO, content is
similar to that of the oxygen evolution potentials. Be-
cause the oxygen evolution on the ruthenium oxide
relates to the oxidation of metal ion in a crystal lattice
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Bulk of solution

Fig. 10. A model of competitive evolution of chlorine and oxygen
on and in the porous oxide layer of RuO,/Ti anode. The grey circle
represents the RuO, particle. The size of the outline letters C1™ on a
light grey background express the Cl™ concentration. The size of
the letters Cl, and O, represent the degree of chlorine and oxygen
evolution, respectively.
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Fig. 11. Threshold potentials (a) Ef,(Cl,) for chlorine evolution
and (b) £}, (O») for oxygen evolution against the RuO, content of
RuO,-TiO,/Ti anode. Potential sweep 0.1 mV s™!. The inset ex-
presses an oxidation peak potential of (Ru(iir) = Ru(1v) on the
RuO,-TiO,/Ti anodes in 0.5M H,SOq4.

[16], the oxidation states of Ru in the lattice should
affect the oxygen evolution behaviour. That is, the
oxygen evolution potential is governed by the redox
property of the oxide and reflects on the selectivity of
the oxide electrode for chlorine evolution.

Figure 12 shows the i/E and io,, Ic),/E curves for
two typical RuO,-TiO,/Ti anodes: (a) RuO,(20%)—
Ti02(80%)/Ti and (b) RuO,(80%)-Ti0,(20%)/Ti. In
spite of the small content of RuO,, the current den-
sity for oxygen evolution on the TiO,-rich anode was
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Fig. 12. The i{/E (O), ic,/E (O) and io,/E (@) curves for two
RuO,-TiO,/Ti electrodes with different oxide composition. (a)
Ru0,(20%)-Ti0,(80%)/Ti, (b) RuO»(80% )-Ti0»(20%)/Ti.
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Fig. 13. Chlorine evolution ratio, R(Cl,), against electrode poten-
tial, E, for each RuO, content of RuO,-TiO,/Ti anode. Key: (O)
100%, (©) 80%, (O) 60%, (<) 40% and (A) 20% RuO,.

almost equivalent to that of the RuO,-rich anode.
This may be due to the existence of mud cracks on the
anode surface. Mud cracks of the order of micro-
meters were not observed on the RuO,-rich electrode,
while many mud cracks were seen on the TiO,-rich
electrode [17]. Mud cracks contribute to an extension
of the outer surface of the electrode. It is noted that
the chlorine evolution current on the TiO,-rich anode
was larger than that of the RuO,-rich anode.

The chlorine evolution ratios, R(Cl,), against the
electrode potential are shown in Fig. 13 as a function
of the compositions of RuO, for the RuO,-TiO,/Ti
anodes. The Ru0,(40%)-Ti0,(60%)/Ti anode gives
the greatest chlorine evolution ratio, R(Cl,), and the
largest current density. Generally, the chlorine evo-
lution ratio, R(Cl,), for these electrodes increases
with an increase in the TiO, content; however, the
anodes with a small TiO, content give a lower chlo-
rine evolution ratio and lower voltammetric current
density. It is evident that the combination of RuO,
and TiO, leads to the advantage of the chlorine
evolution over the oxygen evolution.

4. Conclusions

The competitive evolution of chlorine and oxygen at
various compositions of RuO,-TiO,/Ti anodes was
simultaneously determined by a DEMS technique, and
their threshold electrode potentials for each gas and the
chlorine evolution ratio, R(Cl,), were evaluated.

The comparison of the voltammetric current, i,
with the chlorine evolution ratio, R(Cl,), for the
RuO,-TiO,/Ti anodes suggests that the combination
of RuO, and TiO, led to the advantage of the chlo-
rine evolution over the oxygen evolution.

The selectivity of chlorine evolution is influenced
by the redox property of the oxide of RuO, and TiO»,

and it depends on the amount of loading of RuO, for
the RuO,/Ti electrodes. This must originate from
both the mass transfer effect [18] and the other pa-
rameters [19], because the chlorine evolution was
carried out mainly in a current range where mass
transfer is the rate-determining step. The perfor-
mance of DSA®-type electrodes must be affected by
the mixed effects of the redox property of the oxide
and the mass transfer effect. The change in the sur-
face geometry, as well as the redox property, depends
on the composition of their oxide layer; therefore, it is
difficult to distinguish the ‘oxide composition effect’
from the ‘mass transfer effect’.
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