J. Braz. Chem. Soda®l. 11, No. 4, 429-433, 2000. ©2000 Soc. Bras. Quimica
Printed in Brazil 0103 - 5053 $6.00+0.00

Article
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Visando obter eletrodos com alto sobrepotencial para a reacao de desprendimento de oxigénio
(RDO), Uteis para a oxidacgao de poluentes organicos, prepararam-se eletrodos ggodi’BbO
método térmico-eletroquimico e compararam-se seus desempenhos com o de eletrodepositados. O
potencial de circuito aberto em solugdo d&S€y 0,5 mol L:1 para esses eletrodos apresentou
valores bastante estaveis, proximos entre si, na faixa de potenciais para a regido de estabilidade de
PbO, em diagramas de Pourbaknalises por difragao de raios X mostraram que o 6xido térmico-
eletroquimico € uma mistura de ort-PbO, tetr-PbO e or,PBéDos eletrodos produzidos por
eletrodeposic¢éo se apresentaram mais provavelmente na forma tethRib@yrafias obtidas por
microscopia eletrénica de varredura mostraram que a morfologia basica ddépim@o-
eletroquimico é determinada na etapa térmica, sendo bem distinta da dos eletrodos eletrodepositados.
Curvas de polarizagéo, em$0, 0,5 mol L-1, mostraram que no caso dos eletrodos de TiPbO
térmico-eletroquimicos a RDO foi deslocada para potenciais mais positivos. Entretanto, os valores
dos coeficientes de Tafel, bastante altos, indicam que possivelmente houve formacédo de filmes
passivantes sobre os substratos de Ti, 0 que pode eventualmente explicar os valores de corrente algo
baixos para a RDO.

Looking for electrodes with a high overpotential for the oxygen evolution reaction (OER),
useful for the oxidation of organic pollutants, Ti/Bb&ectrodes were prepared by a thermal-
electrochemical method and their performance was compared with that of electrodeposited elec-
trodes. The open-circuit potential for these electrodes in 0.5#HbBLEO, presented quite stable
similar values. X-ray diffraction analyses showed the thermal-electrochemical oxide to be a mixture
of ort-PbO, tetr-PbO and ort-PbADn the other hand, the electrodes obtained by electrodeposition
were in the tetr-Pb©form. Analyses by scanning electroricroscopy showed that the basic
morphology of the thermal-electrochemical Bhi©determined in the thermal step, being quite
distinct from that of the electrodeposited electrodes. Polarization curves in 0.51ntS0,
showed that in the case of the thermal-electrochemical @&bGirodes the OER was shifted to more
positive potentials. However, the values of the Tafel slopes, quite high, indicate that pas&mating f
were possibly formed on the Ti substrates, which could eventually explain the somewhat low current
values for OER.

Keywords: Ti/PbO, anode, thermal-electrochemical method, oxygen evolution reaction, modi-
fied electrode

Introduction occurrence of this reaction decreases the global efficiency of
the reaction of interestMany electrode materials have been
Research on new anode materials to be used for the oxjyavestigated, for example: Ti/'Sp&S, Ti/lrO,"-8 Ti/lRuO,’
gen evolution reaction (OER) has increased in the last fewand Ti/PbQ2:6.:9-12 When compared with Ti/Sn@5,
years, due to conventional metallic electrodes not being stabl&/PbO, electrodes present a low OER overpotential and,
under the operational conditions used in industrialthus, a low current efficiency for the oxidation of organic
electrolysers Furthermore, there are electrochemical pro-molecules. Kétet al2, based on anodic Tafel lines, showed
cessesd.g, 0zone generation and oxidation of organic that the OER on electrodeposited B@0.5 mol -1 H,SO,
molecules) that require a high OER overpotential, since theccurs at overpotentials higher than those on Pt but lower
than on Sh-doped SpQAt 0.1 mA cn?, the OER potentials
— — — (vs.SCE) were 1.5V (on Pt), 1.65V (on RH@nd 1.95V (on
Presented at the XI Simpésio Brasileiro de Eletroquimica e Eletroanasnoz)_ Additionaly, they reported that the Sp@ectrode

litica, Maragogi - AL, Brazil, April 5-9, 1999. Guest editor: Luis ) - T
Alberto Avaca. presented a higher efficiency for the oxidation of phenol.
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Considering that up to now the Ti/Ph@lectrodes
investigated were produced by either anodizafiaor
electrodepositioh’11-17 the present work concerns the
preparation of Ti/PbQelectrodes through an alternative
method (thermal-electrochemical) aiming to obtain elec-
trodes with higher OER overpotentials. The obtained elec-
trodes were characterized by X-ray diffraction and scan-
ning electron microscopy, as well as by open-circuit po-
tential measurements and polarization curves for the OER
in 0.5 mol L' H,SO,.

Experimental
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Their morphology was characterized by scanning elec-
tron microscopy (SEM) using a microscope model DSM
960 Zeiss.

The Ti/PbQ electrodes were also characterized
through XRD and SEM, as well as through measurements
of their open-circuit potential and steady-state polariza-
tion curves (from 1.6 VV to 4.5 Vs.sce, at 0.2 mV-3) in
aqueous 0.5 mol H,SO, so as to investigate the oxy-
gen evolution reaction (OER) on these electrodes. These
curves were obtained using a potentiostat/galvanostat
model 273A EG&G interfaced to a microcomputer. The
characteristics and electrochemical behavior of the Ti/
PbO, electrodes obtained by the thermal-electrochemi-

Production of the T/PbO electrodes through the thermal decom- cal method were compared with those of Ti/Blelec-

position of Pb(NG),

trodes galvanostatically electrodeposited (50 mAZcm
for 3 h) from a 275 g i Pb(NOy), + 25 g L1 Cu(NGy),

First of all, the substrate Ti sheet (99.7%, Miller Metais g g g L' sodium lauryl sulfate solution, as described
- Brazil) was sandblasted with glass microspheres. Then, by Bemelmanst al 1.
after being cut into smaller pieces (useful electrode area of
~3 cn?), each piece _was cleaned in an _igopropanol ultra- Results and Discussion
sound bath for 20 min and etched in boiling concentrated
HCI for 60 s, washed with deionized water and dried in air.
Immediatelyafter, a Pb(NQ), coating was deposited on the
substrate by repeating the following steps 25 times in order
to obtain the required final PbO coating thickness (~2 um): The open-circuit potentiak.time behavior of the differ-
first, a 1.5 mol 1 Pb(NG,), aqueous solution was applied  ent Ti/PbG electrodes in a 0.5 motLH,S0O, solution is
on the substrate with a soft brush; then, after the water was shown in Figure 1. After 24 h in solution, the electrodes pre-
evaporated at 60 °C for 20 min, the substrate was cooled pared by the thermal-electrochemical method presented al-
down at room temperature for 5 min. Finally, the Pb{NO most the same open-circuit potential as the one prepared by

Characterization of the Ti/Pb{@lectrodes through their open-
circuit potentials

was decomposéfito PbO by leaving the substrate in an
oven at 550 °C for 1 h, either in an aig, @ N, atmosphere.

Electrochemical oxidimn of thd/PbO electrodes to Ti/PBO

This oxidation was carried out in a borate buffer (pH
9.4) in a three-electrode electrochemical cell, using an Eco
Chemie Autold/GPES potentiostat/galvanostat system.
The working electrode was the ~3 ifi/PbO electrode
thermally prepared; the counter electrode was a cylindri-
cal platinum grid placed around the working electrode,
and a saturated calomel electrode§ was used as refer-
ence. Different electrolysis conditions were investigated:
potentiostatic (2.0Ws.scefor 7 h), galvanostatic (0.5 mA
cnr2 for 5 h) and galvanostatic in three stepspy(Bam2
for 1 h; scanning from 5QA cm?2 to 400 pA cm?2 at
v = 0.28uA s1; then, 40QUA cm2 for 5 h).

Characterizations

The Ti/PbO electrodes were qualitatively character-
ized by X-ray diffractometry (XRD) in a diffractometer
model D5000 Siemens (CuKradiation and Ni filter).

electrodeposition; furthermore, the values were quite stable.
These open-circuit potentials are in the range of the poten-
tials for the stability region for Pn Pourbaix diagrans,
indicating that the surface of the oxide film obtained by the
thermal-electrochemical method is predominantly 2bO

i 00
136 o0 °°°00000000
g o O,
o 0o
1.34
) o
1324 g OO @
1 8
W 130+
) 1 - 2
B3 _
3 1.28 A AAA A A
| A ;m

1.26

O Electrochemical
©  Thermal-potentiostatic
A Thermal-galvanostatic

1.24

1.22

120

T v T v T v T
10 15 20 25

Time/ h

Figure 1. Open-circuit potentialvs. sc¢ as a function of time for
Ti/PbO, electrodes produced by the thermal-electrochemical
method and by electrodeposition, in a 0.5 mdl H,SO, solution

at room temperature.
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Qualitative characteriz#on of the Ti/PbO and/PbO, phase in favor of the tetragonal phase. Furthermore,
electrodes through X-ray diffractometry PbO traces seem to be present, since peaks also attributable

) . . ) to this oxide were observed.
Comparison of the diffraction angles for the different peaks

in the X-ray diffractogram obtained for the Ti/PbO electrode  gyface mormphology charactetiiza of the TVPbO and

with JCPDS (Joint Committee of Powder Diffraction Stan- TiPbG, through scanning electron microscopy

dards) standard data did not allow to conclude whether the

PbO was in the orthorhombic or the tetragonal form. Onthe ~ No significant influence of the atmosphere used dur-
other hand, the diffractograms for the Ti/Rb&ectrodes ing the decomposition of PbO to Pp@n the final surface
obtained by the thermal-electrochemical method did not dif- morphology of the electrodes was noticed. Figures 3 to 6
fer very much from the one for the Ti/PbO electrode. Figure 2 show SEM images of the surface of the Ti/PbO electrode,
shows the diffractogram for the Ti/Pp®lectrode obtained  Ti/PbO, electrode obtained by the thermal-potentiostatic
by the thermal-galvanostatic method. The peaks at the dif- method, Ti/PbQ@ electrode obtained by the thermal-
fraction angles @ = 18.@, 28.7, 31.8, 35.8, 40.2 and galvanostatic method and Ti/Pb@lectrode obtained by

48.7, also present in the diffractogram for the Ti/Ble@c- electrodeposition, respectively; in all cases the decompo-
trode obtained by the thermal-potentiostatic method, are quite Sition of PbO to Pb@was carried out in a£atmosphere.
similar to the ones typical of PbO. The peak@t210.2 is The comparison of Figures 3 to 5 allows one to conclude

clearly due to the Ti substrate. On the other hand, only the that the basic morphology of the Pp€urface (entangled
peaks at @ = 28.2 and 35.8 coincide with those of the ~ and porous) is determined in the thermal step,during
JCPDS standard data for orthorhombic RS, the X-ray the PbO formation (Figure3). Clearly the electrochemical
diffractograms indicate that the electrode coating is a mix- oxidation of PbO to PbO(Figures 4 and 5) does not
ture of ort-PbO, tetr-PbO and ort-Pp@ithough only two of change the basic features of the initial morphology. On
the peaks are attributable to Ph@e values of the open-  the other hand, there is a subtle difference between the Ti/
circuit potential in 0.5 mol £ H,SO, and the color of the ~ PbG; electrodes (Figures 4 and 5), that is the presence of
electrode surface (dark gray) are typical of RbOrther- fibrils on top of the thermal-potentiostaic electrode (Fig-
more, the fact that the electrode is stable in 0.5 M®1JSO, ure 4), increasing its surface area and rugosity.

also indicates that its surface is made of DO is soluble
in acid media).
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Figure 2. X-ray diffractogram of the Ti/Pbelectrode produced Figure 3. SEM image of the surface of the Ti/PbO electrode ob-
by the thermal-galvanostatic method. tained by the thermal decomposition of Pb@Oto PbO. Magni-
fication: 3,000.

On the other hand, it should be noted that, according to
the obtained diffractograms, the coating in the electrode- On the other hand, the comparison of Figures 4 and 5
posited Ti/PbQ electrodes is made most probably of tet- with Figure 6 clearly shows that the Ti/Pp@lectrode
ragonal PbQ (actually some peaks are common to orthor- obtained by electrodeposition (Figure 6) has a distinctly
hombic PbQ). This result agrees well with those of different, polyhedral surface morphology, which is similar
Bemelmanset al1% who reported that the addition of so-  to the one reported by Bemelmasl19. Its formation is
dium lauryl sulfate to the electrolyte used for the electrode- due to the addition of the sodium lauryl sulfate additive to
positon of Pb@ supressed the growth of the orthorhombic the electrodeposition solution.
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Figure 4. SEM image of the surface of the Ti/Pp®lectrode ob-
tained by the thermal-potentiostatic method. Magnification: 3,000.

Figure 5. SEM image of the surface of the Ti/Pp®@lectrode ob-
tained by the thermal-galvanostatic method. Magnification: 3,000.

Figure 6. SEM image of the surface of the Ti/Pp@lectrode ob-
tained by electrodeposition. Magnification: 3,000.

Electrochemical characterization of the oxygen evolution reaction
ontheTi/Pb@electrodes

This characterization was carried out in a 0.5 mbl L
H,SO, solution, at room temperature. No significant
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difference was noticed between the behavior of Tijhez-
trodes produced by the thermal-electrochemical methods.
Thus, considering that the galvanostatic oxidations of PbO
to PbG, could be carried out in less time, hereinafter only
electrodes thus obtained were characterized.

Figure 7 shows that the atmosphere in which PbO was
decomposed to PiOnfluences the efficiency of the OER
on Ti/PbQO, electrodes obtained by the thermal-
galvanostatic (three steps) method. Clearly the reaction
occurs more readily on the electrodes produced in, a N
atmosphere. This may be due to the absences, afi e
oven during the decomposition of PbO to Rla@650 °C. It
is known that when titanium is heated in air, even at tem-
peratures smaller than 550 °C, an oxide film is formed on its
surfac@l. This insulating/passivating film makes the elec-
trode less conductive, thus leading to a decrease of the elec-
trode efficiency for the OER. A comparison of these results
with those reported by K&t al2 clearly indicates that the
Ti/PbO, electrodes produced by the alternative method
described in this paper have a much higher overpotential
for the OER, which may be of interest when using the elec-
trodes for the oxidation of organic molecules. However, it
should be noticed that the Ti substrate in the Ti/jd€c-
trodes studied by Kotet al2 was platinized, which may
hinder any oxidation of the titanium substrate.
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Figure 7. Steady-state polarization curves< 0.2 mV sl) in a 0.5

mol L-1 H,SO, solution at room temperature for Ti/Pp®lec-
trodes produced by the thermal-galvanostatic method (three steps);
comparison of the performance of electrodes produced in different
atmospheres during the thermal step: either ajro©N,.

Figure 8 shows that the OER on the thermal-galvano-
static Ti/PbQ electrode has a much higher overpotential
than on the electrodeposited Ti/Pp®@lectrode. The
corresponding Tafel slopes are about 240 mV/decade and
500 mV/decade, respectively. Kdzal2 reported a slope
of 120 mV/decade for Ti/Pb{and 240 mV/decade for Ti/
Sn0,. The difference between the Tafel slopes of the elec-
trodeposited Ti/Pb©electrodes studied by Kot al2
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and by us indicates that the Ti substrate may have been
passivated under the polarization conditions used for,PbO
electrodepositiof?. Furthermore, the larger Tafel slope for
the thermal-galvanostatic Ti/Pb@lectrode indicates that
the passivation of the Ti substrate may have occurred to a
greater extent under the heating conditions used in the ther-

mal-galvanostatic method (550 °C in ag@dmosphes). Al-
though, as pointed out by Bemelmaaisall®, the PbQ

phase influences the polarization behavior of the electrode
(PbG, exists as a different phase in each case: ort;ibO

the thermal-galvanostatic electrode, and tetr-PinCthe

electrodeposited electrode), such a large difference in the
Tafel slopes cannot be accounted for solely by this. Further
studies are presently being carried out in order to confirm or
not the passivation of the Ti substrate in these electrodes.

15.0+ (1) TiPbO, electrodeposited

(2) TilPbO, thermal-galvanostatic (three steps)
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Figure 8. Steady-state polarization curves=0.2 mV sl) in a 0.5 mol

L-1 H,SOy solution at room temperature for Ti/Pp@lectrodes pro-
duced by the thermal-galvanostatic method (three steps) or by elec-
trodeposition; the thermal step was carried out undes atiosphere.

Finally, it should be noted that although from the point
of view of the OER overpotential the Ti/Ph®lectrodes
produced by the alternative method described in this paper
are very good, the fact that the OER currents obtained are
quite low is worrisome, since the electrodes may turn out
not to be practical; this will be determined by the outcome
of the tests of these electrodes for the oxidation of organic
compounds, which will be carried out in the near future.
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