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Nestetrabal ho éfeitaumainvestigagdo sistemética de caracteri zagdo morfol 6gicae daatividade
eletrocataliticadeeletrodos de Ti revestidos com camadasdelr, ;Ti, . Pb O, (0 < x < 0,7), usando
areacdo de desprendimento de oxigénio (RDO), em meio deH_SO, 0,5 mol dmr®, como modelo. Os
eletrodos foram preparados peladecomposicao térmicade IrCl, TiCl, e Pb(NO,),a600 °Cpor Lh
usando Ti como suporte. A difragdo de raios-X mostrou que a camada € cristalina e permitiu
identificar a presenca dos correspondentes 6xidos nas camadas. A caracterizagdo da morfologia
superficial dasamostras, antes e apos uso sob desprendimento de oxigénio (experimento de Tefel),
foi feitapor microscopiael etronicade varredura(MEV). Asandlises das micrografias mostram que
aRDO promove adissol ugdo dacamadade 6xido, indicando que 0 mecani smo de desativagdo destes
eletrodos esta associado adissolugéo dacamada. Osvoltamogramas ciclicos obtidosem H,SO,0.5
mol dm?® a 20 mV s?, a temperatura ambiente, mostram que o par redox Ir¥/Ir* controla a
eletroquimicasuperficial doseletrodos. Osval ores de cargaanddicasdo relacionados aéreaativados
€l etrodos e mostram que estaaumenta com teor de Pb nacamada, atingindo um méximo em 50% de
Pb. ApésaRDO, aareasuperficial das camadas aumenta. Os val ores dos coeficientes de Tafel sdo
independentes do teor de Pb nacamadacom val ores de aproximadamente 60 mV decada?, sugerindo
que somentessitiosde Ir sdo ativos paraaRDO. Osval ores de corrente normalizadas (i/q,) mostram
algumainibicéo da RDO quando TiO, é substituido por PbO,, sugerindo que esse 6xido pode ser
umaboaescolhaparamelhorar aseletividade do Sstema. A ordem dereago com relaggo aconcentracio
de ions H* é zero a sobrepotencia e forga idnica constantes. Os valores da inclinacdo de Tafel e
ordem de reagéo indicam que a RDO ocorre por um Unico mecanismo.

In this work a systematic investigation was carried out of the surface characterization and
electrocatalytic activity of Ti/lr . Ti . Pb O,-coated electrodes (0 < x = 0.7), using the oxygen
evolutionreaction (OER) in 0.5 mol dm®*H,SO, asmodel. The el ectrodeswere prepared by thermal
decomposition of IrCl, TiCl, and Pb(NO,), at 600 °C for 1 husing Ti as support. X-ray diffraction
showsthat thelayersare crystalline and that the corresponding metal oxidesare present. The surface
morphology of the samples, before and after use under extensive oxygen evol ution (Tafel experiment),
was characterized by Scanning Electron Microscopy and the micrograph analyses show that the
OER promotesthe dissol ution of the oxidelayer. The redox processes occurring on the surface were
characterized by cyclic voltammetry at 20mV s*in 0.5 mol dm® agueousH,SO,, at room temperature,
and were controlled by the Ir¥*/Ir** couple. The measured anodic voltammetric chargeisrelated tothe
active areaof the electrode showing that the replacement of TiO, by PO, increasesthe surface area
with the higher value being at 50 mol% PbO,. After oxygen evolution, the surface areaincreases
dlightly. Tafel lopes are independent of Pb content with the values around 60 mV decade?, which
suggest that only Ir sites are active for OER. The values of normalized current (i/q,) show some
inhibition of the OER as TiO, isreplaced by PbO, suggesting that PbO,, can be agood choice, with
potential toimprovethe selectivity of the system. Thereaction order with respect toH* ioniszero at
constant overpotential and ionic strength. Thevalues of Tafel lopeand reaction order indicatethat a
singlereaction mechanism isoperating.
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I ntroduction

Dimensionally Stable Anodes (DSA) are electrode
materials widely studied for several electrochemical
applications: (a) oxygen and chlorine evolution reactions,*
(b) electrochemical degradation of organic contaminants
in waste water treatment,?” (c) electrosynthesis of organic
polymer® and (d) eectrowinning of metals.®

These kinds of electrode materials are produced by a
combination of an active catalyst component (e. g. RuO,
or IrO,) and a stabilizing component (e. g. TiO, or Ta,0,).
RuO,-based layers deposited on a titanium substrate are
the most traditional electrode material but, in recent years,
IrO, has been used to substitute RuO, as the active
electrocatalyst component in the layer composition
because it is more resistance to corrosion, while showing
only dlightly less dlectrocatalytic activity.°

A third component can be added to the electrocatalyst
layer to modify the electrochemical and electrocatalytical
properties of the electrodes. Boodts and Trasatti'® have
carried out systematic investigations of the physicochemical
and electrochemical properties of ternary DSA electrodes
using PtO,, CeO, and SnO, as the third component. The
methodology used by these authors is to subgtitute TiO, by
one of these oxidesin the 30 mol % RuO, + 70 mol %TiO,
or 30 mol % IrQ, + 70 mol % TiO, systems.

PbO, electrodes are known to be high-overpotential
anode materiasfor oxygen evolution reaction (OER), which
permitstheir use as anodesto solve environmental problems
such as the electrochemical incineration of organic
contaminants,” for the treatment of fluoride-containing
dectrolytes' and for the conversion of Cr¢* to Cr® ionsin
agqueous solutions.”® Because of these applications of such
oxidelayers, itisrelevant to study OER, asamodel reaction,
since the occurrence of this reaction decreases the global
efficiency of the reactions of interest.

SnO, is the oxide usudly added to the MO,-TiO, (M =
Ru or Ir) layers to enhance selectivity in the process of the
electrochemical oxidation of organic compounds or in the
chlorineevolution reaction (CLER) because Ti/SnO,-coated
el ectrodes present higher efficiency for these reactions than
the electrodeposited Ti/PbO,-coated €lectrodes. Addition-
aly, Laurindo et al.* showed that Ti/PbO,, produced by the
thermal-electrochemical method, presents a much higher
overpotential for OER than el ectrodeposited Ti/PO,-coated
electrodes in acid media, but the currents obtained for the
thermal -electrochemical Ti/PbO,-coated electrodes were
quite low. These results indicated that thermal PbO, can be
apotential candidate to be added as the third component to
the IrO,-TiO, layers to improve the selectivity of the sys-
tem, associated with a good electrical conductivity of the
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IrO,-based layers. Thus, the objective of thiswork isto carry
out a systematic investigation of Ti/Ir T 07 Pb O,-coated
electrodes (0 < x < 0.7) using the oxygen evolution reac-
tionin 0.5 mol dm® H,SO,, asamodel reaction, to analyze
the influence of the PbO, content on the electrocatalytical
properties of the electrodes. The electrocatalyst layers ob-
tained were characterized by X-ray diffraction and by scan-
ning electron microscopy before and after extensive oxy-
gen evolution in Tafel experiments.

Experimental
Preparation of the electrodes

Ti-coated electrodes were prepared by thermal
decomposition of 1rCl..3H,0 (Fluka), TiCl, (Merck) and
Pb(NO,), (Merck) in an air furnace atmosphere at 600 °C
with anominal layer composition of Ir_ Ti (O_H)Pbxoz (0<
x < 0.7). The coating solution of the each precursor was
prepared by dissolving the salt in 10% (v/v) aqueous HCI
to give 0.2 mol dm?3. The precise concentrations were
obtained by thermogravimetric analysis. The Ti supports
(10x10x1 mm) were initially sandblasted and etched in
boiling 10% agueous oxalic acid for 5 min to remove
surface oxides. The electrocatalyst layers were obtained
by applying the coating mixture, in the required moleratio
of the precursors, to both faces of the Ti-support by
brushing, followed by evaporation of the solvent using a
flux of hot air. The layers were next heated for 5minin a
furnace pre-heated to the desired temperature. This
procedure was repeated until the desired oxide loading (in
the range of 1.3 mg cmr2- 2.0 mg cm?, depending on the
composition and corresponding to a nominal thickness of
about 2 mm) wasreached. Thelayerswerefinally anneaed
at the same temperature for 1 h. Duplicate samples of the
electrodes were prepared in al cases.

Physical characterization

The structure of the layer and the quditative identifi-
cation of the corresponding oxides were carried out by X-
ray diffraction analysis using a Siemens Mod. D5000
instrument. The surface morphology of the coatings, before
and after Tafel experiments, were examined by Scanning
Electron Microscopy (SEM) inaZeissDSM 960 microscope
at an accelerating voltage of 20 keV.

Electrochemical measurements

Inall electrochemical experiments, platinum foilswere
used as auxiliary electrodes and a hydrogen electrode in
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the same solution (RHE) was used as reference. The water
was purified by Milli-Q system (Millipore) and the
electrolyte (H,SO,) wasp.a. from Merck (Darmstadit).

The surface redox behaviors of the coatings were char-
acterized in 0.5 mol dm agueous H,SO, solutions at 25
°C by cyclic voltammetry at 20 mV s?, between 0.4V and
1.4V (E vs. RHE). The oxygen evolution reaction was
studied under potentiostatic control in the same electro-
lyte. A PAR model 273A potentiostat/galvanostat linked
to a PC microcomputer and operated through the M270
EG& G PARC software was used for dataacquisitioninthe
cyclic voltammetric and potentiostatic measurements. The
order of the reaction with respect to H* ion was determined
by varying the H,SO, concentration between 0.1 to 1.0
mol dm while keeping the ionic strength constant at 1
mol dm® by addition of Na,SO,. These experiments were
carried out applying an electrode potential of 1.5V and
recording the current after 10 min.

Resultsand Discussion
Physical characterization

Figure 1 shows atypical X-ray diffractogram obtained
for the Ti/lr, Tior x)Pbxoz—coated electrodes. The
drffractograms revealed characteristic peaks related to the
substrate and well defined peaks for the layer, characte-
rizing a crystalline structure. The XRD data for the main
peaks observed in the diffractograms were compared with
XRD datafrom JCPDS (Joint Committe of Powder Diffrac-
tion Standards). As can be observed from thisfigure, char-
acteristic peaks corresponding to IrO,, TiO, and PbO, were
qualitatively identified. However, it was not possible to
correlate the peaks present at diffraction angles 26 = 21.6
and 22.6 with one of those oxides and the peak at diffrac-
tion angle 20 = 42.9 is similar to one typica of PbO.

TiTi

Intensity / a. u.

Diffraction Angle / 2-theta

Figure 1. Typical X-ray diffractogram of Ti/lr ,Ti
electrodes

Pb, O,-coated

(0.7-%)
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Figure 2 showsthe SEM micrographsof Ir T (Ome O,
layers, before and after being submitted to extensrve
oxygen evolution in the Tafel experiments. The micro-
graphs of the fresh layers reveal a typical cracked-mud
morphology of the binary Ir .Ti O, sample (Figure 2a),
while the replacement of the TiO, with PbO, produces a
coating surface with microcracks on the top for ternary
coatings (Figure 2¢) and a granular and compact coating
surface for the binary Ir Pb O, layer (Figure 2€). The
SEM micrographs of the Iayers which were submitted to
extensive oxygen evolution show that surface morphology
changes in all cases. The Ir Ti O, layer (Figure 2b)
micrograph shows the presence of microcrystallites on the
plates which is not observed in the fresh sample (Figure
24d). In the ternary layer (Figure 2d), the oxygen evolution
promotes a cracked surface, whilein binary Ir ,Pb O, the
presence of microcrystallitesin the form of needl escan be
observed (Figure 2f). The analysis of these micrographs
suggeststhat the OER promotesthe dissolution of the oxide
layer. These results are in close agreement with those
previously obtained for Ti/Ru Ir(07 Nox -coated and Ti/IrO,-
coated electrodes, which associate the coating dissolution
asone of the possible el ectrode deactivation process during

electrode wear.?+%?
Electrochemical measurements

In al the electrochemical experiments, the duplicate
samples presented, on average, the same behavior. The
cyclic voltammograms of all samples of Ti/Ir_, Tigr.
" PbXO2 coated electrodes in 0.5 mol dm® HZSO were
similar to the voltammograms shown in Figure 3. These
voltammograms show that the ternary coatings (Figure 3b)
present higher current density than the binary coatings
(Figure 3a.and 3c). The increase of the current density is
related to the higher surface area of the ternary coatings.
The cyclic voltammograms of the binary Ir, .Pb,.O, layer
also present current values higher than those observed for
thelr,,Ti O, layer. The broad peak observed at 0.85V has
been attributed to the Ir(l11)/1r(1V) transition'? which
suggests that the surface electrochemistry is controlled by
this redox transition. All these results are similar to those
previously reported for Ti/Ru, Ti . Sn O, -coated" and
Tillr, Tr(OMCeXO -coated*? electroda

The variation of the anodic voltammetric charge
density (g,), obtained from the voltammograms shown in
Figure 3, is related to modifications in the surface
morphology and the charge is taken as a parameter
proportiona to the active surface area.? The dependence
of g, on the composition of thelayer is presented in Figure
4, which reveals that the anodic charge density increases
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Figure 2. SEM micrographs of the Ti/lr ,Ti . Pb O,-coated electrodes: (a) freshly-coated Ti/lr ,Ti O, electrode, (b) Ti/lr ,Ti,,O,-coated

(0.7%)' “x 03' 072 03' 0772

electrode after Tafel experiment, (c) freshly-coated Ti/Ir_ Ti_,Pb O, electrode, (d) Ti/lr i, Pb,,0,-coated electrode after Tafel experiment (€)

03" 04 03 03" 04 Y0372

freshly-coated Ti/lr, ,Pb O, electrode, and (f) Ti/lr, ,Pb, O -coated electrode after Tafel experiment

03 T0772 03 T0772
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Figure 3. Cyclic voltammograms for the Ti/lr, Ti . Pb O, -coated
electrodes, heat-treated at 600 °C for 1 h, in 0.5 mol dm® H,SO, at a

scan rate of 20 mV s* and at room temperature: (a) Ti/lr . Ti O,

coated electrode, (b) Ti/lr,,Ti, Pb ,O,-coated electrode, and (c) Ti/
Ir, ;Pb, ,O,-coated electrode

withthelead content and reaches amaximum at 50% PbO,,
A maximum of g, with composition isalso reported for Ti/
RU, T 57,5, O,-coated,* for Ti/lr, ,Ti , . Ce O,-coated™
and for Ti/Ru,,Ti ., CeO,-coated™ electrodes. It is
related to the deposition of the oxide as a very fine
crystallite structure during the thermal decomposition of
the precursors, due to the non-intimate mixing between
the individual components.*t** Figure 4 aso shows that,
after extensive oxygen evolution (Tafel experiments), the
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Figure 4. Dependence of the anodic voltammetric charge density
with composition for (O) fresh electrodes and (O) for electrodes
submitted to Tafel experiments

values of q, dlightly increase. This behavior is explained
by Boodts and collaboratorst¢ as a result of an increase
of the degree coverage of the electrode surface by the active
species OH, resulting from water discharge, leading to
additional activation of the surface sites.

The OER onthe Ir, Ti . .Pb O, surfaces was studied
by potentiostatic polarisation curves under quasi-steady-
state conditions. For al the electrodes, the Tafel linesshows
a linear part at potential values less than 1.55 V (E vs.
RHE), followed by deviation from linearity at higher
potential. The deviation can be associated to ohmic
components or to a change in the mechanism.?® Schub and
Reznik? and Bisang et al.?* developed mathematical
models to evaluate ohmic errors and the effect of the
geometric parameters, respectively, to correct polarization
curves for porous oxide electrodes. The analysis of the
deviations using the Schub-Reznik method® revealed that
the deviation from linearity is due to uncompensated
resistance effects only, indicating that a single electrode
mechanism is operating. The ohmic component values
derived from the Schub-Reznik method?* was on the order
of 0.7 Q. Thisvalue isin excellent agreement with those
normally measured in laboratory cells with a Luggin
capillary,®® suggesting that the OER is not influenced by
the growth of theisolating TiO, film at the substrate/oxide
layer interface, and it is consistent with asystem containing
metallic conductive oxides submerged in a 0.5 mol dm?®
H,SO, supporting electrolyte.

Typical corrected Tafel plots obtained for all the
samplesare shown in Figure 5. All the electrodes showed a
slope of approximately 60 mV decade?, which is reported
as a Tafel sope characteristic for IrO,-based electrodes.”
However, this Tafel slope value is different from that
presented in the literature for IrO,-TiO,-CeO, systems,*
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which is of 30 mV decade™. Additionally, the fact that the
Tafel slope does not depend on PbO, content and,
consequently, on the morphology, suggests that only Ir
sites are active for OER. This analysis also permits
concluding that changes in the morphology or in the
composition of the electrode due to the dissolution of the
layer during OER do not affect the mechanism of the
reaction. Thisfigure also showsthat the partial substitution
of TiO, by PbO, (Ti/lr ,Ti ,Pb,,0,) produces an
electrocatalyst layer with higher overpotential for the
oxygen evolution reaction.

1.65

1.60 -

10 100
i/ mA cm”

—

Figure 5. Tafel plots for OER in 0.5 mol dm® H,SO, at room tem-
perature obtained for Ti/lr, Ti, . Pb O,-coated electrodes heat-

treated at 600 °C for 1 h: () Tillr,.Ti, O,-coated electrode, (O) Ti/

Iry,Ti, ,Po, ,0,-coated electrodes, (W) Ti/lr, i, ,Pb, O,-coated elec-

03" 04

trode and (®) Ti/lr,,Pb, ,O,-coated electrode

To evaluate the electrocatalytic activity, which can be
understood in terms of the S-OH bond strength with PbO,
content® (S is a surface active site), the values of current at
15V (E vs RHE) were normalized by the corresponding
anodic charge (q,), and the results are shown in Figure 6.
This Figure shows that replacement of the stabilizing oxide
(TiO,) by PO, decreases the electrocatalytic activity of the
layers. The normalized current initially decreaseswith PbO,
content, reaching a minimum value at 30% PbO,, and
increases for higher PbO, content, with the values of
normalized current being approximately constant. The
decreasing values of the normalized current can be attributed
to a strong S-OH bond, and vice-versa. Decreasing
normalized current values at an applied potential were also
presented for the Ti/lr, ;Ti , . Ce O,-coated electrodes' and
increasing values for Ti/Ru ,Ti . CeO,* in 1 mol dm?
HCIO,.

Theseresults (Figure 5 and 6) suggest that PbO, can be
agood choice with potential to improve the selectivity of

(0.7-x)
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Figure 6. Dependence of the i/q, with oxide composition for O,
evolution on Ti/lr ,Ti 0_7_X)Pbxoz-coa1ed electrodes from a 0.5 mol
dm® H,S0, solution. E = 1.50 V vs. RHE

the system towards, e.g. chlorine evolution and electro-
chemical degradation of organic contaminants.

Figure 7 showsthe dependence of therate of the oxygen
evolution reaction on the solution pH at constant ionic
strength. Thisfigure showsthat, within experimental error,
the current is constant with the pH. Therefore, dlog i/pH =
0. Aspointed by Boodtsand collaborators,*t-1¢ the observed
reaction order isthat at constant overpotential [v(H*)n] and
not at constant potential [v(H*)_], since the reference
electrode used was the hydrogen electrode in the same
solution. The chemically significant reaction order is
v(H*). which isrelated to v(H*),7 by the equation:

V(H).=v(H"), -7 @)

wherey is the operational transfer coefficient in the Tafel
slope (dlogi/oh= 2,303RT/yF). With a value of 60 mV
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Figure 7. Dependence of the current density at 1.5V vs. RHE on pH
for O, evolution on Ti/lr,Ti (O_H)Pbxoz—coated electrodes, heat-treated
at 600 °C for 1 h at constant ionic strength using a solution contain-
ing ¢ mol dm* of H,SO, + ¢’ mol dm*® of Na,SO, (c + ¢'=1): (A) x
=0; (¢)x=05; (O) x=07
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decade? for the experimental Tafel dope, -1 is obtained
forv(H*)..

The reaction mechanismisinvariant with overpotential
and oxide composition, as shown by the Tafel slope and
the reaction order. Trasatti and collaborators** suggested
that the value of 60 mV decade for aTafel slopeisrelated
to the formation of intermediate S-OH as an unstable
species, which rearranges viaasurface reaction (spillover).
The step reaction and Tafel slope for the mechanism is
shown in Table 1.

Table 1. Trasatti Mechanism for the Oxygen Evolution Reaction in
Acid Media®

Reaction Step? Tafel Slope / mV decade?
(8 S+H,0 > SOH* +H* + e 120
(b) SOH* — S-OH 60
() SOH > SO+H'+e 40
(d SO+S0-50,+2S 15

2 Sis a surface active site

In this mechanism, the asterisk marks different energy
states. If step (b) in the mechanism above is the rate
determining step (rds), the kinetics of the reaction is
expressed by:#"%8

i a [S-OH*] 2
The surface concentration of S-OH* species can be

obtained from step (@), regarded as in equilibrium, where

the concentration of H,O and surface sites are independent

of the potential:

E = congtant + RfT IN[S—OH*][H*] (©)

[S-OH*] =[H*]*exp[ (E-constant) F/RT] 4
The substitution of (4) in equation (1) yields:
i a [H*]*exp[ (E-constant) F/RT] (5)

in agreement with the observed Tafel slope of 60 mV
decade? and the experimental reaction order of -1.

Conclusions

The thermal method was successfully employed to
produce Ti/lr, . Ti ., Pb O,-coated electrodes which
presented a crystalline structure. The surface morphology
of theTi/Ir ,Ti . Pb O,-coated electrodes wasinfluenced

(0.7-x)
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by the composition, being cracked-mud for an IrO,-TiO,
layer, showing microcracks for ternary coatings and
granular and compact for an IrO,-PbO, layer. The SEM
micrographs of the samples used under extensive oxygen
evolution (Tafel experiment) suggested that oxygen
evolution promotes the dissolution of the layers.

The surface electrochemistry of the electrodes is
controlled by the Ir**/Ir* couple. The replacement of TiO,
by PbO, increases the surface area with the highest value
being at 50 mol% PhO,. After extensive use under oxygen
evolution conditions the surface area increases dightly.
The value of 60 mV decade?, independent of oxide
composition and overpotential, suggests that only Ir sites
areactivefor OER. Thevauesof normalized current show
some inhibition of the OER as TiO, is replaced by PbO,,
suggesting that PbO, can be a good choice with potential
to improve the selectivity of the system. The values of
Tafel dopeand reaction order indicate that asinglereaction
mechanism is operating.
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