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Abstract: The electrochemica characteristics of Tigglrg4Oo/Ti and TiggRug 4O,/
ITi anodes prepared by the sol—gel procedure from the corresponding oxide
sols, obtained by force hydrolysis of the corresponding metal chlorides, were
compared. The voltammetric properties in H,SO, solution indicate that
Tigglrg402/Ti has more pronounced pseudocapacitive characteristics, caused
by proton-assisted, solid state surface redox transitions of the oxide. At po-
tentials negative to 0.0 V g, this electrode is of poor conductivity and activity,
while the voltammetric behavior of the TiggRuy 4O,/ Ti electrode is governed
by proton injection/gjection into the oxide structure. The Tigglrg4Oo/Ti elec-
trode had a higher electrocatalytical activity for oxygen evolution, while the
investigated anodes were of similar activity for chlorine evolution. The poten-
tia dependence of the impedance characteristics showed that the TiggRug 40/
ITi electrode behaved like a capacitor over a wider potential range than the
Tigelrg4Oo/Ti electrode, with fully-developed pseudocapacitive properties at
potential s positive to 0.60 V gcg. However, the impedance characteristics of the
Tigelrg4Oo/Ti electrode changed with increasing potential from resistor-like to
capacitor-like behavior.

Keywords: activated titanium anodes; sol—gel procedure, ruthenium and iridium
oxide; electrochemical impedance spectroscopy; pseudocapacitance.
INTRODUCTION

Titanium anodes coated with noble metal oxides (activated titanium anodes,
ATA), being electrocatalytically active for the chlorine evolution and oxygen re-
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action, are commercially applied in industrial electrochemistry for chlor—alkali
electrolysis, cathodic protection and metal electrowinning processes.2 ATA coa-
tings with RuO», and/or 1rO» undergo degradation due to the electrochemical dis-
solution of noble metal oxide species.3-6 Since these products of noble metal oxi-
de degradation are soluble, the anode coating is gradually enriched in insulating
TiO2 during operation, since not only isthis oxide aready present as a stahilizing
component of binary and/or ternary coatings, but it also comes from the coating
substrate. These processes lead to anode passivation.3>

The anode activity for the oxygen evolution reaction plays a key role in the
process of anode degradation.>6 It is known that ATA with iridium oxide in the
coating is more stable against passivation in the electrolysis of NaCl solutions
than a binary RuOo>—TiO, coating.”-8 This is due to the slower dissolution rate of
IO, with respect to RuO», especialy when a considerable portion of the current
is related to the oxygen evolution reaction. For this reason, commercialy avail-
able ATASs contain iridium oxide in small amounts, in addition to ruthenium and
titanium oxide. A recent investigation showed that a RuO>—IrO>—TiO> anode is
an idea anti-fouling electrode material in the electrolysis process of brine.®

Previous studies®10.11 postulated a higher activity for the chlorine and oxy-
gen evolution reaction, as well as greater stability to passivation of TiggRug 402
coatings on titanium prepared by the sol-gel procedure in comparison to the same
coating prepared by the usual thermal decomposition of metal chlorides.®>1! This
improvement was assigned to the larger real surface area of the sol—gel-prepared
coating.b

The activity and stability of aternary TiggRug,3lrg.10O2 coating on titanium
prepared by the sol—gel procedure were investigated under conditions of chlorine
and oxygen evolution.12.13 The anode characteristics were compared to the cha-
racteristics of abinary Tig gRug 40> coating. The investigation showed that finely
dispersed iridium oxide was produced by the sol-gel procedure.13 It was found
by an accelerated stability test in sea water that the ternary coating was consi-
derably more stable during exploitation than the binary one.12 This was assigned
to the greater stability of nano-sized IrO, under vigorous oxygen and chlorine
evolution in comparison to sol—gel processed RuO,.

The aim of this study was to investigate the differences in electrochemical
properties of Tigglrg.402/Ti and TiggRug 402/ Ti anodes prepared by the sol—gel
procedure, in order to obtain further insight into the differences between the nob-
le oxides, which result in the beneficial behavior of 1rO>-containing coatings.

EXPERIMENTAL

Colloidal dispersions of ruthenium, iridium and titanium oxide were obtained by the
forced hydrolysis of the corresponding metal chlorides in boiling 0.27 mol dm3 HCI.1113 The
dispersions of RuO,, IrO, and TiO, (oxide sols) were formed during 46, 20 and 10 h (ageing
times), respectively. These ageing times were chosen since TiggRug 40, coatings with the best
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electrochemical properties were obtained from sols of these ageing times,® while the ageing
time of IrO, was set in-between. The prepared oxide sols were mixed to form binary
dispersions for the preparation of a coating with the desired compositions of Tig gl 40, and
TiggRU 40,. The dispersions were painted over Ti plates (1 cmx1 cmx0.89 mm), previously
sand-blasted, degreased in saturated NaOH/ethanol solution and etched in hot 20 mass % HCI
for 20 min. The coatings were applied in two layers, each converted into the gel phase at
90 °C and annealed at 450 °C; the first layer was annealed for 10 min and the second for 20
min. This procedure developed the crystal structure of the oxide and provided good coating
adhesion. Thetotal coating mass was 1.0 mg cm2 (calculated to the overall oxide).

The capacitive behavior of the prepared anodes was investigated by cyclic voltammetry
(CV) in 1.0 mol dm3 H,SO, and by electrochemical impedance spectroscopy (EIS) in the
same solution at the characteristic potentias indicated by the CV behavior of the prepared
anodes. The polarization characteristics of the prepared oxide coatingsin 1.0 mol dm3 H,SO,
and in 0.50 mol dm3 NaCl, pH 2, were registered by anodic linear sweep voltammetry at a
scan rate of 0.50 mV s1. A Pt plate electrode was used as the counter electrode, while the
reference electrode was a SCE, and all potentials are referred to the SCE.

RESULTS AND DISCUSSION

Colloidal dispersions of ruthenium, iridium and titanium oxide of different
degrees of polydispersity were obtained.13 The TiO, sol consisted of particles of
size around 100 nm with aweak tendency to agglomerate. The RuO, particle size
fell in the range 3-10 nm; however, the sporadic presence of agglomerates of
sizes of several hundreds of nm was also evidenced.13 The agglomeration was
more pronounced upon dilution due to the increase in pH of the dispersion. A high
affinity for agglomeration was aso registered in the case of the IrO, particles,
which were prepared as ultra-small (around 1 nm)13 but, upon dilution, the stable
iridium oxide agglomerates had sizes of 50-90 nm.

The capacitive cyclic voltammograms of Tig glrg402/Ti and Tig gRug 402/ Ti
electrodes in HySO4 solution, registered at different sweep rates, are shown in
Figs. 1A and 1B, respectively. The voltammograms for the different coatings are
of different shape, with much more pronounced pseudocapacitive reversible peaks
for the Tig glrg.402/Ti electrode, which are to be ascribed to proton-assisted, solid
state surface redox transitions (SSRTS) of the noble metals (Me):1.11,14

In the case of the TiggRug402/Ti electrode (Fig. 1B), the SSRTs are over-
lapped in the investigated potential range and form a single broad peak around
0.55 V, while at least three well-resolved SSRTs are seen for Tigglrg402/Ti as
peaks at 0.35, 0.74 and 1.02 V (Fig. 1A, 50 mV s1). The most negative and
positive peaks showed appreciable dependence on the sweep rate; the first one di-
minishes and the last one shifts cathodically with increasing sweep rate, and fi-
nally (at 300 mV s1) emerges with an SSRT peak at 0.74 V. In addition to the
better separation of the SSRTs in the case of Tigglrg402/Ti, the associated
capacitance values were much higher than for Tig gRug 402/Ti.
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Fig. 1. Capacitance—potential curves of the Tigglrg4O0o/Ti (A) and TiggRUg 404/ Ti (B)
electrodes registered in 1.0 mol dm3 H,S0, at the sweep rates shown
in the graph; room temperature.

The most remarkable difference in the CV behavior of the investigated elec-
trodes is seen in the potentia region below 0.0 V. The capacitance of Tigglrg405/
/Ti considerably decreases, which indicates poor conductivity in the cathodic di-
rection, while Tig gRug 402/Ti exhibits a considerable increase in the cathodic ca-
pacitance, due to pronounced proton injection according to Eq. (1). Hence, the
data shown in Fig. 1 introduce iridium oxide as good anodic capacitor, while ru-
thenium oxide has desirable capacitive properties at more negative potentials.

The polarization curves of Tig glrg.402/Ti and Tig gRuUg 402/Ti anode in oxy-
gen and chlorine evolution are shown in Fig. 2. The anodes showed different
Tafel slopes for O, evolution (40 and 60 mV dec1, for the Tigglrg4O2/Ti and
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Tig.eRUg.402/Ti anodes, respectively), which promotes iridium oxide as a much
better catalyst for this reaction. Only below 1.25 V were higher currents regis-
tered for the Tig gRug 402/Ti anode. In the case of Cl» evolution, a slope close to
40 mV was registered for both anodes. The currents were higher for the
Tig.eRU.402/Ti anode up to a potentia close to the onset of O, evolution (near
1.15 V). These data show that the anode containing iridium oxide should behave
beneficialy from the standpoint of anode stability, as was aready evidenced by
comparison of TiggRug 3lro.102/Ti and TiggRug 402/ Ti anodes during their ope-
ration in sea water.12

144 TiJr, O,Ti

o H,SO,
4 NaCl

134 Ti Ru OTi

06 042

1E-4 1E-3 0.01 0.1
il mA

Fig. 2. Polarization curves of the Tigglrg4O./Ti and Tig gRup 40,/ Ti anodes registered in 1.0
mol dm H,S0, and in 0.50 mol dm3 NaCl, pH 2; room temperature.

The EIS characteristics of Tigglrg402/Ti and TiggRuUg.402/Ti electrodes,
registered at the characteristic potentials (-0.10, 0.35 and 0.74 V) related to CV
behavior of the Tigglrg402/Ti electrode (Fig. 1A), are shown in Figs. 3 and 4,
respectively.

The EIS data for the TiggRug402/Ti €electrode showed a much less pro-
nounced dependence on potential (Fig. 4) than the Tig gRuUg40,/Ti electrode. At
al investigated potentials, the former electrode behaved like a capacitor and the
changes of the EIS characteristics with potential were registered in the low fre-
quency region (below 1 Hz). A low frequency capacitive loop clearly developed
a 0.74V, while at lower potentias the low frequency data indicate diffusion
limitations. Since SSRTs dominate in the capacitive behavior of ruthenium oxide
at the potentials positive to 0.60 V (Fig. 2B), it can be concluded that the low
frequency capacitive loop at 0.74 V corresponds to a fully-developed pseudoca
pacitive behavior caused by SSRTs. At lower potentias, the SSRTs are con-
trolled by proton injection/egjection through the porous structure of the coating.
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Fig. 3. The EIS characteristics of the Tigglrg4O4/Ti electrode registered at different potentials
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Fig. 4. The EIS characteristics of the TiggRup 40,/ Ti electrode registered at different
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The Tigglrg402/Ti electrode behaved much like a resistor at —0.10 V (Fig.
3), asisindicated by the appearance of a semicircle in the complex plane plot,
which corresponds to a considerably lower capacitance in comparison to the
Tig.eRuUp.402/Ti electrode (also registered by CV measurements, Fig. 1). As the
potential increases, SSRTs are involved and the semicircle diminishes (the asso-
ciated resistance decreases from = 5 kQ (-0.10 V) to= 5Q (0.74 V)). At 0.74 V,
a capacitive loop clearly developed and the electrode behaved much like capa
citor upon the onset of SSRTs. The associated capacitance is much higher in
comparison to that of the TiggRuUg 402/ Ti electrode, as was aso indicated by CV
measurements (Fig. 1).

CONCLUSIONS

The electrochemica properties of Tigglrg402/Ti and Tig gRug 402/ Ti anodes
were investigated and compared, in order to obtain further insight into the differen-
ces between the two noble metal oxides, whereby iridium oxide was shown to be
more stable in electrolysis processes involving simultaneous oxygen evolution.
Cyclic voltammetry and electrochemical impedance spectroscopy showed that the
Tio.elro.402/Ti electrode changed its behavior with the potential from resistor-like
to capacitor-like due to the suppression of the proton injection/gection process
(resistor-like behavior). The Tig gRug 402/ Ti eectrode behaved as capacitor over the
whole potential window of water stability. Proton-assisted, solid state surface re-
dox transition processes, responsible for the pseudocapacitive behavior of noble oxi-
des, were more pronounced in the case of the iridium oxide-containing electrode.
Additionally, the Tig glrg.402/Ti anode was more active for oxygen evolution and of
similar activity for chlorine evolution in comparison to the Tig gRug 402/ Ti anode. It
appears that the higher activity for oxygen evolution and greater stability of the
Tioelro.402/Ti anode are closely connected to the much better resolved redox tran-
sition process of iridium oxide. The state of the oxide formed prior to the oxygen
evolution is more stable and active than the appropriate state of ruthenium oxide.

Acknowledgement. This work was financially supported by the Ministry of Science and
Technological Development of the Republic of Serbia, Project Nos. 142048 and 142060.

U3BO [
PA3JIMKE Y EJIEKTPOXEMNJCKOM ITOHAIIABY OKCUIA PYTEHUIYMA U
NPNMANIYMA Y EJIEKTPOKATAJIMTUYKNM ITPEBJIAKAMA AKTUBUPAHUX
TUTAHCKUX AHOJA JOBMJEHNX COJI-TEJI IOCTYIIKOM

BJIAJUMUP B. MTAHUR?, AJIEKCAHJIAP b. [[EKAHCKI/II, BECHA B. MUIIIKOBUh-CTAHKOBHUR?,
CJIOBOJIAH K. MUJIOBUR® 1 BPAHUCIIAB ). HUKOJIMR?

TUXTM — Ieniuap 3a eaexiupoxemujy, Ynueepauitein y beozpady, bezowesa 12, 11000 beozpao, 2Texnonouo—
—meitanypuiku (paxyaitieiti, Yuusep3auitieii y beozpady, i. ap. 3503, 11001 Beozpad u 3 Hnciiuinyin 3a HykaeapHe
Hayke “Bunya’”, ii. iip. 522, 11001 beozpao

VY pamy cy MCHHMTHBaHE eJIEKTpoXeMHjcke Kapakrepuctuke Tigello4Oxf/Ti 1 TigeRUp 4O/ Ti
aHoza OOMjeHNX COJI—TeJ MOCTYIKOM U3 OKCHIHUX COJIOBA CHHTETHCAHUX (HOPCUPAHOM XUIPOIIH-
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30M oaroBapajyhux xmopuzaa merana. Bonrtamerpujcke kapakrepuctuke y pactopy H,SO, ykazyjy
Ha BHIIE M3PAKEHO ICeyNOKaNaluTHBHO MoHammame Tigello4O,./Ti enekTpose koje je mocienuna
MOBPIIMHCKUX PEIOKC Ipena3a y UBPCTOM CTawy y3 ydemhe nportona. Ha moreHuujanuma Hera-
tuHUjuUM o1 0,0 Vz«g OBa enekTpoaa mokasyje ciady MpPOBOJHOCT U aKTHBHOCT, JIOK BOJITAMET-
pujckuM moHamameM TigsRUy 40,/ Ti enexTpoae oMUHEpa MPOAOP HPOTOHA Y CTPYKTYPY OKCHIA.
Tigell04O,/Ti aHOA je eeKTpOKATANIMTUYKY aKTUBHHjA 33 PEAKUU]jy H3/Bajarba KICCOHHKA, JOK Cy
AHOJIE CIMYHMX aKTUBHOCTH 3a PEaklyjy M3/Bajarba Xjuopa. FMieqaHcHe KapaKTepUucTHKe (hopMu-
paHHX aHozAa mokasyjy na ce TigeRUg4O,/Ti enekTpona moHama CIMYHO KOHAEH3aTOpY Y LIMpEM
oIery MOTeHIHjalla Hero IITO je TO ciy4aj ca Tiggellg4OofTi exexTpomom, ca HOTIYHO pa3BHjeHUM
NCeyI0KAMaMTHBHIUM CBOjCTBUMA Ha MOTeHIMjaniuma no3utuBHUjuM o 0,60 Vz«e. C mpyre ctpa-
He, 3a Tiggellg 4O,/ Ti enexTpoxy ce youasa Ipela3 ca KapakTEPUCTHKA CIMYHUX OTIOPHUKY HA Ka-
PaKTEpPUCTHKE CIMYHE KOH/ICH3ATOPy Ca MOPAacTOM IIOTEHIHjajla elIeKTPOoIe.

(TTpumsbeno 10. mapra, peBuaupaso 1. jyna 2010)
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