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Doping of PbO, by cations (Fe3", Co?" and Ni2"), by F~ and by cations and F- si-
multaneously is discussed as a way of improving the stability and electrochemical activ-
ity in processes occurring at high potentials. Doping allows the control of the amount of
structural water in an oxide. Radiotracer experiments showed that high electrodepo-
sition current densities favour the segregation of incorporated tritium (protons) at the
surface. On the other hand, fluorine doping results in a marked decrease in the amount of
surface oxygen species. The influence of doping with metal cations strongly depends on
the nature of the metal. Iron behaves like fluorine, while nickel causes an accumulation
of surface oxygen species. Doped PbO, electrodes have quite good activities for the
electrogeneration of ozone. In particular, Fe and Co doped PbO, showed a current effi-
ciency of 15-20 % for this process. This result is relevant to our recent studies on “cath-
odic oxidation”, i.e., an ozone mediated electrochemical method in which an O, stream
isused to sweep the O,/O3 gas mixture produced at a PbO, anode into the cathodic com-
partment of the same electrochemical cell containing polluting species.

Keywords: lead dioxide anodes, doping, ozone electrogeneration.

INTRODUCTION

Electrode materials with a good activity and stability at high potentials are inter-
esting because of the electrochemical synthesis of important oxidants used in the chem-
ical industry, such as perchlorate, peroxysulphate and ozone, and in studies on the
abatement of recalcitrant pollutants by electrochemical methods.

Lead dioxide electrodes are still widely used for these purposes as the material is
cheap and relatively stable under the high positive potentials required. The electro-
catalytic activity of PbO» electrodes, as well as their stability, can often be considerably
enhanced by the incorporation of some foreign ions added to the electrodeposition solu-
tion. Among these, Bi3*, Fe3*, Co?* and F~, 1.2 gave very good PbO, electrodes for ox-
ygen transfer reactions, including O3 formation. Heavy doping would lead eventually

* Dedicated to Professor Dragutin M. Drazi¢ in recognition of his contribution to electrochemistry.
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to the formation of composite oxide materials. Both the low doping and mixed oxide
approaches have some merit. In the first case, it is a way to maintain the high corrosion
resistance of PbO, matrix and at the same time increase the electrocatalytic acitivity.

One mayor goal of the doping process is to tune the properties of the resulting oxide
to some particular electrocatalytic process; interest may be focused, for example, on the
control of surface hydroxyl-radicals through hindering or promoting water discharge. In
this respect, understanding the details of the electrodeposition process is a key step for the
preparation of oxide deposits possessing specific features for use in electrocatalytic pro-
cesses. In this work, a brief account of our ongoing research in this field of study is pre-
sented with particular attention being paid to the case of doped PbO,. Some applications in
the field of ozone generation and pollutant incineration are described.

EXPERIMENTAL

All experimentals were conducted using Fluka or Aldrich chemicals. The electrochemical ex-
periments were carried out using an EG&G/PARC model 273 A potentiostat with EG&G software.
For the impedance measurements, an EG&G model 5210 lock-in amplifier was used. All potentials
are referred to Ag|AgCl|KCl (sat.) unless otherwise stated.

Lead dioxide deposits were grown froma 0.1 M Pb(NO3), +0.1M HNO3 solution. For doping
with cations, the corresponding nitrate salt (0.01 M) was added to the solution. Fluoride was added as
the sodium salt.

X-Ray photoelectron spectroscopy (XPS) measurements were carried our using a Per-
kin-Elmer ¢ 5600ci instrument. In the radiotracer experiments, the electrodes were weighed after de-
position and then dissolved in 5 ml H,O containing 0.1 ml acetic acid and 0.05 ml H,O». Then the ac-
tivity was measured by the scintillation method.

RESULTS AND DISCUSSION

Electrodeposition

The conditions employed for the electrodeposition have a great influence on the
properties and reactivity of the resulting films, although, especially in the case of doped
electrodes, there seems to be no universal strategy which can be adopted and every sys-
tem needs to be separately analysed.

It has been found that variations of the conditions of PbO, electroplating cause
changes in the oxide properties, which result in different electrocatalytic behaviour. In
this section, the electrodeposition of PbO, films from nitrate solutions and the
physicochemical properties of the resulting oxide are discussed.

Experiments on the electrodeposition of PbO, on Pt RDE showed that the reaction
orders for Pb(IT) and H' ions are one and zero, respectively. The number of electrons in-
volved in the rate determining step, calculated from the voltammetric data, was one. The ef-
fective activation energy of the reaction were 70 kJ/mol and 12 kJ/mol at low and high
overpotentials, respectively, These data indicate that at low overpotentials the PbO,
electrodeposition is limited by an electron transfer stage. Increasing the electrode potential
led to a change of the limiting step from a kinetic to a diffusion controlled one. According to
these data, in nitrate solutions the first stage of the reaction is the formation of oxygen con-
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taining species, such as chemisorbed OH-radicals, followed by a chemical step in which
these particles interact with the lead species forming a soluble intermediate product, likely
to contain Pb(III), which is then oxidised electrochemically forming PbO,.3

The influence of the electrodeposition conditions (electrodeposition potential, pH
and temperature of the solution) on the phase composition was studied by XRD.# The films
consisted of a mixture of o- and B-phases of PbO; in most cases. In the potential range 1.3 —
1.5V, the electrodeposition potential and pH value (in the range 1 —3) had hardly any influ-
ence on the amount of the a-phase. On the other hand, a decrease of the relative intensity of
the a-phase peaks with increasing pH (in the range 1 — 3) was observed for films grown at
potentials higher than 1.5 V. In particular, the decrease was sharp for electrodeposition po-
tentials positive of 1.5 V and as the solution temperature increased. When the temperature
of the deposition electrolyte was 65 °C, only the B-phase of PbO, was detected. It is interest-
ing to note that a strong change of the crystalline orientations for the -phase was observed
as a function of the electrodeposition conditions. For instance, the ratio of the relative inten-
sity of the (110) to (101) plane decreased with increasing electrodeposition potential and de-
creasing solution temperature.

Proton inclusion and PbO; doping

In addition to affecting the crystallographic characteristics of the electrodeposited
PbO,, the above cited experimental parameters affect the stoichiometry of the two PbO, al-
lotropic forms (oc and B ). It is known that both of these deviate from stoichiometry, and that
these deviations are more pronounced for electrochemically prepared oxide than for chemi-
cally obtained samples, and for the o-PbO, more than for the 3-PbO; form.

Itis now widely believed that the reason of this non-stoichiometry is the presence
of lead vacancies in the crystallographic structure. In the model recently proposed by
Ruetschi,’ these vacancies are arranged to form layers (named “internal surfaces”) be-
tween crystallographically ordered areas, and the charge of each missing Pb4" ion is
compensated by only OH~ ions or by both Pb2* and OH~ ions. Thus, the following for-
mula has been proposed for a better description of the composition of PbO,.5

Pb(1-x)*" Pby”" OH(2-4x-2)" OHearrzyy” M

The model accounts for the fact that experimental studies report evidence for the
presence of Pb(I1)° and structural water®-12 in the PbO,, lattice. These studies generally
recognise that there is a proportionality between the hydrogen content of a PbO; elec-
trode and its electrochemical activity. |3 It seems, however, that there has not been suffi-
cient systematic investigation on how the control of different parameters in the
electrodeposition of PbO; can affect the amount of structural water in the resulting ox-
ide. The effect of subsequent treatment following electrodeposition, such as heating,
would also merit some further study. It is known, for example, that heat treated elec-
trodes are more active in the production of ozone at high potentials.14

In the framework of this, we used the radiotracer method to investigate the exper-
imental parameters, including doping, that affect the inclusion of tritium into PbO, lay-
ers electrodeposited galvanostatically onto platinized titanium substrates. Both a-PbO»
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and 3-PbO, were examined, although the latter received more attention.

The distributions of tritium incorporated into various layers of B-PbO; electrode-
posited from T,0 and having a thickness of 10 pum are shown in Fig. 1. The data re-
ported are the results of a stepwise etching of the oxide deposit in a CH3COOH/H;0,
solution. The samples were immersed in the etching solution for fixed periods of time;
each time the weight loss was then determined gravimetrically after washing with dry
acetone and the radiochemical activity of the solution was measured. The amount of tri-
tium incorporated into different regions of the oxide layer can then be calculated (Fig.
1) as the percent of the activity of the whole deposit taken as 100 %. The reported data
are the average of 5 stepwise experiments.

It is interesting to note that with the higher electrodeposition current density, a large
fraction of tritium (protons) is concentrated in the surface region, indicating that a relatively
rapid growth of a deposit tends to segregate defective sites in this region. In contrast, the
F-doped PbO; features a reasonable decrease in tritium in the surface layer. This is due to
the fact that F~ can replace adsorbed H,O and/or the isoelectronic OH groups.!

As part of an effort to gain insight into doped PbO; with improved electrochemical
characteristics, we have recently started a detailed investigation of Fe-doped PbO,.2 The
electrodeposition of the doped lead dioxide was studied on a Pt electrode in HNO3 contain-
ing Pb(NO3), and Fe(NO3)3. Again, the radiotracer technique, using >>Fe, proved to be po-
tent means for investigating the factors that influence the incorporation of iron.

The presence of Fe(IlI)-ions in the electrodeposition solution causes only a slight
increase in the lead dioxide electrodeposition rate without seemingly changing the de-
position mechanism. !5 However, despite the low content of iron in the bulk lead diox-
ide, Fe(III) reasonably affects the catalytic and mechanical properties of the iron-doped
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PbO». For the utilization of the resulting oxide properties, it is quite important to know
the influence of the preparation conditions of the Fe-doped PbO; on the content of iron
in the bulk oxide. Thus, increasing the iron concentration in the electrodeposition solu-
tion leads to an increase in the Fe content in the bulk oxide (Table I).

TABLE L. The influence of the electrolyte on the Fe content in the deposited PbO;. Egep = 1.6 V
(AglAgCh)

Deposition electrolyte Fe content / weight %
0.1 M HNO3 + 0.1 M Pb(NO3), +
+0.1 M Fe(NO3)3 0.0108
+0.05 M Fe(NO3)3 0.0247
+0.07 M Fe(NO3)3 0.0427

Taking into account the low content of Fe, it can be suggested that its incorpora-
tion into the lead dioxide is due to its physical adsorption on the electrode surface. Good
support for this conclusion is given by the effect of the electrodeposition potential (Ta-
ble II) (or the current density) on the iron content. According to the value of the zero
charge potential of a PbO, electrode (0.91 + 0.1 V vs. SCE!©), under the present
electrodeposition conditions, the electrode surface is always positively charged, which
is the most likely reason for the low content of Fe in the bulk oxide. With increasing po-
tential or current density, the iron content is strongly decreased (Table II) due to the in-
crease of the positive charge of the electrode.

TABLE II. Influence of the deposition voltage on the Fe content in electrodeposited PbO,. Deposition
solition: 0.1 M NaNOj + 0.1 M Pb(NO3), + 0.01 M Fe(NO3)3 (pH 2.3)

Deposition potential / V (vs. Ag|AgCl) Fe content / weight %
1.50 0.0402
1.60 0.0205
1.70 0.0157

According to our suggestion, another way to increase the iron content in lead dioxide
is to decrease positive charge of the Fe-ions, for instance by favouring hydrolysis which
leads to the formation of different OH-containing compounds with a lower positive charge
like Fe(OH)?*, Fe(OH), " and Fe(OH)3. We did indeed observe an increase of the Fe con-
tent with increasing pH of the electrodeposition solution (Table III). The same effect was
observed on increasing the temperature of the electrodeposition solution. In this case, the
rate of hydrolysis was increased and the solution became yellow due to the formation of
OH-containing Fe complexes. It is also interesting to note that an enhanced incorporation of
Fe was observed if fluoride-ions were also present in the electrodeposition solution. This ef-
fect may be connected with the formation of a complex of fluoride with iron with a rela-
tively high negative charge, such as [FeFg]*.
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TABLE IIL. Influence of the HNO3 concentration on the Fe content in electrodeposited PbO,. Egep, =
1.6 V (Ag|AgCl)

Deposition electrolyte Fe content / weight %
0.1 M Pb(NO)3 + 0.01 M Fe(NO3)3 +
+0.10 M HNO3 0.0108
+0.25 M HNO3 0.0067
+0.50 M HNO3 0.0028

In a series of experiments SIMS and XPS were employed to characterise doped
PbO; layers electrodeposited on Pt-Ti under conditions in which the - form of the ox-
ide largely prevails. In previous work on the XPS of PbO,,? the importance of the ex-
amination of the O 4 region was pointed out as it provides information on the hydration
state of the surface. The XPS spectrum in the O region for PbO, shows two peaks; a
broad one at higher binding energy which corresponds to adsorbed HyO and/or OH, and
a lower binding energy one which corresponds to lattice oxygen.
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In this work, the effects of doping with F-, with cations (Fe3*, Co?* and Ni2") and
with cations together with F~ were examined. These dopants have been found to cause
different, reasonable variations only for the higher binding energy peak, indicating
changes in the interaction of water with the surface.

The areas of the Oqg signals for the doped systems, normalised to that of
non-doped PbO», are displayed in Fig. 2. It is seen that Ni-PbO; and Fe-PbO, have op-
posing effects on the amount of surface adsorbed water and OH groups; in the first case
there is an accumulation and in the second one a marked decrease compared with
non-doped PbO». This trend is still observed when F~ is used as a co-dopant.
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From Fig. 3 it can be seen that the F/Pb atomic ratio for most of the examined sys-
tems increases after 0.5 min sputtering and then decreases to a common value as sput-
tering is continued. The exception to this trend is the (Co2*—F~) doped PbO, for which
the ratio is essentially constant.

Interestingly, Ni is seen to favour both an accumulation (Fig. 2) as well as the incor-
poration of F~. On the basis of the data of Figs. 2 and 3, the observed decrease of surface ox-
ygen for co-doped (Ni-F)-PbO, (Fig. 2) is attributable to the effect of F~. Conversely, for
the (Fe—F)-PbO, system, the amount of F~at the surface is relatively low, and this suggests
that both dopants contribute to the observed decrease of the surface HyO/OH (Fig. 2).
Moreover, we are of the opinion that the observed behaviour as a function of sputtering time
can probably be explained by the presence of an iron-fluoride complex at the surface.

The SIMS data show evidence of PbOxF), clusters in samples prepared from fluo-
ride. Moreover, the depth profiles show a maximum in fluorine near the surface, indi-
cating that this is a region of F~ enrichment, in agreement with the XPS data.

Doped PbO; electrodes and ozone electrogeneration

Ozonization has long been used for the treatment of drinking water where, com-
pared with the commonly employed chlorination method, it has the important advan-
tage that its decomposition products are environmentally acceptable. Within this field
of research, we recently proposed the “cathodic oxidation method” of treating pollut-
ants!7:18 in which a O, stream is used to sweep the O,/O3 gas mixture produced at a
PbO; anode into the cathodic compartment of the same electrochemical cell containing
the polluting species. The hydrogen peroxide formed at the cathode reacts with O3 giv-
ingrise to a highly oxidising environment. We compared the results obtained with those
of direct electrolysis at the PbO, anodes.
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Fig. 4. Impedance plots for PbO, in 1 M H,SO, in the presence and in the absence of 2x107 M
4-chlorophenol.

In itself, the direct electrolysis of, for example, 4-chlorophenol reveals very interest-
ing aspects from the mechanistic point of view. Thus, the impedance data of Fig. 4 show that
even up to potentials as high as 1.9 V vs. SCE, the electro-oxidation of organic compound is
not prevalent over the discharge of water (Fig. 4A), despite the fact that 4-chlorophenol oxi-
dation does indeed occur. As can be seen from Fig. 4B, preferential oxidation occurs at
higher potentials. Thus, over a relatively wide potential range, the oxidation of the organic
compound is a process that is mediated by OH radicals derived from the oxidation of water.

From the point of view of an efficient incineration of organic pollutants, our compar-

ative studies show that the “cathodic oxidation” approach gives considerably better results,
and it emerges as a very promising one for application in detoxification processes.!7!8
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Fig. 5. SEM micrograph of PbO,
electrodeposited on a platinised po-
rous titanium support.

The encouraging results obtained using O3 mediated incineration of pollutants
provided further stimulus to our research on the improvement of the efficiency of elec-
trochemical ozone formation. We have shown!? that electrodeposition of PbO; in the
presence of Fe(IlI) or Co(Il)produces doped material which are stable and have a high
electrocatalytic activity for ozone generation. This activity can be further enhanced if
the Fe-doped and Co-doped oxides are deposited on platinised porous titanium sub-
strates. A representative SEM micrograph is given in Fig. 5.

Experiments were carried out in 1 M H>SO4 and in phosphate buffer, at room
temperature and at 3 £ 1 °C. In 1 M H»SO4, the current yield of O3 formation reached 20
% with Fe—PbO» and 12 % with Co—PbO» at 3 + 1 °C. In the phosphate buffer electro-
lyte, the current yields were 14 — 16 % with Fe — PbO; and 15-18 % with Co—PbO; at 4
+ 1 °C. One important aspect that should be stressed is that these data were obtained at
constant current densities between 50-70 mA/cm2, which are relatively low values for
these kind of studies. Particularly in the case of Co—PbO,, doping improves the elec-
trode stability against corrosion.

CONCLUDING REMARKS

In this paper some of our recent work on the study of factors that influence the
electrochemical behaviour of electrodeposited PbO; are briefly reviewed. In particular,
doping of PbO, with cations (Fe3*, Co?" and Ni2*), with F~ and with cations and F~ si-
multaneously is discussed as a way of improving the stability and electrochemical ac-
tivity in processes occurring at high potentials such as perchlorate, peroxysulphate and
ozone, and in studies on the breakdown of pollutants by electrochemical methods.

The experimental conditions chosen for the electrodeposition strongly influence
the proton content (i.e., the defective structure) of the oxide. Radiotracer experiments
show that high electrodeposition current densities favour the segregation of incorpo-
rated tritium (protons) in the surface. On the other hand, fluorine doping results in a
marked decrease in the surface oxygen species. The effect of doping with metal cations
strongly depends on the nature of the metal. Thus, the effect of iron is similar to that of
fluorine, while with nickel one observes an accumulation of surface oxygen species.
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Fe and Co doped PbO; on porous titanium substrates have a high efficiency for
the electrogeneration of ozone. We consider this result to be particularly important con-
sidering our recently proposed “cathodic oxidation method”, i.e., an ozone mediated
electrochemical method for the destruction of pollutants in the cathodic compartment
of an electrochemical cell.
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OJIOBO-IMOKCHUIHE EJNEKTPOJE 3A AHOJHE ITPOLIECE HA BUCOKNM
TINIOTEHIMJATTNMA
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Pa3maTpano je ponosame PbO2 kaTjoHuMa (Fe3+, Co*, Ni2+), ¢yopunHuM joHOM U
CUMYJITaHO KaTjoHUMa U F~ joHOM, Kao HyT 3a MOOOJbIIAke AKTUBHOCTH U €JIEKTPOXEMUjCKe
aKTUBHOCTH 3a TpoIlece KOjU ce ONIpaBajy Ha BHCOKWM MOTEHIMjaInMa. Jeman o edexara
JIOIIOBama je KOHTPOJIA KOJMYMHE CTPYKTypUpaHe Boje y oKcuply. ExcnepumenTu paguoote-
JIeXXMBavnMa IoKasyjy Ja BUCOKE I'YCTHHE CTpPYje eJeKTPOoAeno3unuje (haBopusyjy cerperauyjy
MHKOPIIOPUPAHOT TpuuyjyMa (IIpoToHa) Ha nospiman. Ha ipyroj crpanu gonosamse (uyopom
3HATHO CMambyje NPHUCYCTBO KMCEOHUYHMX BPCTA HA NMOBPIUMHM. Y TUIA] ONOBakba METATHUM
KaTjOHNMa jaKo 3aBHUCH Ofi IpHpojie MeTana. I'Boxkbe ce moHama kao ¢iyop, AOK HHKal
IpOY3pOKYje aKyMmyJlallyjy KUCEOHHMYHUX 4ecTulla Ha nospumuHu. JonosaHne PbO; enextpone
HOKa3yjy cacBuUM [0OpY aKTUBHOCT 3a elleKTporeHepucame o3oHa. Fe u Co pomosanu PbO;
MOKa3ao je nckopuirheme crpyje oBor nporeca 15-20 %. OBaj pe3yaTar je 3HauajaH 3a Hallle
HOBO IIPOYy4YaBame “KaTOAHE OKcuaauuje”, Tj. HOCPEAHOT E1EKTPOXEMUjCKOT METOJA Y KOJEM CE
crpyja Oz KopucTu fa npeHece racHy cmelny O2/O3 sa PbO2 aHOfe y KaTOJHU IIPOCTOP UCTE
eJleKTpoxeMujcke henuje ca monyTaHTUMa.

(ITpumibeno 22. asrycra 2001)
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