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The electrochemical oxidation of 4-chlorophenol on lead dioxide anodes micromodified
by ions of iron group has been investigated. As follows from the data obtained, the rate of
oxidation of organic substances on the anode materials involved is proportional to the
number of reactive oxygen species in the near-electrode zone (OH—radicals) formed during
the electrolysis as intermediates in water oxidation and participating in subsequent
homogeneous chemical reactions with organic substrates in the bulk. The Ols peak on X—
Ray photoelectron spectra was used to evaluate the amount of inert and labile oxygen-
containing particles on undoped and doped PbO,. Doping of lead dioxide with nickel
leads to a significant increase in the number of labile oxygen-containing particles on the
surface of the electrode, while iron modification leads to the opposite effect — an increase
in the amount of inert oxygen-containing particles. The anodic oxidation of 4-chlorophenol
yields a rather large number of intermediate products. The main intermediates include
benzoquinone and maleic acid which was confirmed by high-performance liquid
chromatography. The micromodification of lead dioxide with metal ions of iron group
leads to a significant change in the electrocatalytic activity of oxide materials. The activity
grows in the following sequence of modifying ions: PbO,<Co—Pb0O,<Fe—PbO,<Ni—PbO,.
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O1S peak.

The main requirements for anodic materials
are their high electrocatalytic activity and selectivity
towards the target process, as well as long life during
exploitation [1—3]. Since the implementation
conditions and the nature of the target process are
very different, there is no universal anode material.
However, this does not mean that the synthesis of
anodes with given functional properties for specific
tasks is chaotic and has no general regularities. In
our opinion, the most rational approach is to use
base material with a satisfactory averaged
electrocatalytic activity and selectivity to a group of
processes obtaining at high anodic potentials with
oxygen-containing radicals participation. The
distribution of oxygen-containing particles will
depend not only on the electrocatalytic activity of
the material in the target process, but also on its
selectivity in several simultaneous reactions. That is
to say, the detection of the relationship between the
chemical composition of metal oxide materials, their
physicochemical properties and electrocatalytic
activity is of considerable interest in the applied aspect
for the synthesis of efficient materials that will be
used in conditional non-reagent systems of

electrochemical purification of wastewater from toxic
organic compounds.

Having in mind that the challenge in PbO,
research is the obtainment of an electrochemically
active and durable material, we report and discuss
in this work the electrodeposition of PbO, from a
medium containing ions of iron group.

Although methanesulfonate is becoming the
most popular electrolyte for PbO, electro-synthesis
[4], we chose nitrate electrolytes because they are
cheaper, easier to prepare and work with; their
regeneration presents no particular difficulties, and
PbO, obtained in this medium has satisfactory
mechanical properties. In addition, we wanted to
avoid the possible influence of the anion in an
assessment of peculiarities of iron group ions effects;
in this respect, the known specific adsorption of the
methanesulfonate anion on oxides [5] would
complicate the analysis of electrochemical results.

Material and methods

All chemicals were reagent grade. Electro-
deposition of lead dioxide was studied in the nitrate
electrolytes that contained 1 M HNO;, 0.02 M
Pb(NO;), and 0.01 M X(NO,), (X=Fe, Co, Ni).
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Platinized titanium was used as a sheet. Titanium
sheet was treated as described elsewhere [6—8] before
platinum layer depositing. Lead dioxide coatings were
electrodeposited at anodic current density 4 mA cm™
and temperature (293+2) K. The determination of
modifying additive in anodic material was carried
out with Graphite furnace atomic adsorption
spectroscope (GF—AAS) model Analyst 800.
Increasing the concentration of the ionic dopant in
the deposition electrolyte leads to an increase in the
content of modifying element in lead dioxide and
grows in the following sequence: Ni**—Fe3*—Co?".
The content of the ion additives in the oxide does
not usually exceed 0.1 wt.%. It is noteworthy that
the energy of the adsorption interaction of iron group
ions with lead dioxide increases in the same sequence
as the content of the modifying elements in the oxide.

The surface morphology of lead dioxide anodes
was studied by scanning electron microscopy (SEM)
with SEM-1061 microscope and by X-ray diffraction
with Advance Bruker D8 diffractometer.

XPS studies were carried out using a PHI 5000
spectrometer with monochromatic AlK, radiation
for excitation. The BE value of C(1s) due to
adventitious carbon and residual solvent is 285.0
(£0.3) eV.

The electrooxidation of organic compounds was
carried out in a divided cell at j;=50 mA cm™. The
volume of anolyte was 130 cm?. Solution containing
phosphate buffer (0.25 M Na,HPO,+0.1 M
KH,PO,)+0.1x1073 M organic compound (pH 6.55)
was used as an electrolyte. Stainless steel was used
as a cathode. Lead dioxide electrodes modified by
iron group ions were used as anodes. Electrode
surface area was 3 cm?.

The analyses of the reaction products were
performed by HPLC using a Shimadzu RF—10A xL
instrument equipped with a Ultraviolet SPD-20AV
detector and a 30 cm Discovery® C18 column. Ozone
analysis was carried out mostly by iodometric titration
[9]. In some cases, the results were checked by the
spectrophotometric method. The formation of

colored compounds during electrolysis was followed
by UV-visible spectroscopy using a Kontron Uvikon
940 spectrometer.

Results and discussion

Structural parameters and chemical composition

Almost all the anode processes occurring in
aqueous solutions at high anodic potentials (oxygen
and ozone evolution, oxidation of inorganic and
organic compounds), due to the similarity of
mechanisms and the participation of oxygen-
containing radicals in them, are conventionally
combined into a single group of the so-called oxygen
transfer reactions. At the same time, the nature and
energy of oxygen-containing particles can vary
dramatically. In the latter case, depending on the
bond strength with the surface of the electrode, the
oxygen-containing particles are divided into two large
groups: inert (localized in the crystalline zone of
oxide) and labile (associated in the hydrated zone)
[10].

It is widely recognized that the electrocatalytic
activity of oxide materials is influenced by two groups
of factors: structural and chemical [1—3,7—9]. Since
in most cases they are interconnected, it is very
difficult to divide them. However, in particular cases,
their influence on electrocatalytic activity and
selectivity towards the target process may differ
significantly.

A typical texture of lead dioxide deposits
deposited from nitrate electrolytes is shown in Fig. 1.
According to scanning electron microscopy (SEM)
micrographs, the lead dioxide surface is a set of large
polycrystalline blocks with a negligible predominant
crystallographic orientation.

The comparison of the electrocatalytic activity
of PbO,-based materials with the morphology of the
resulting deposits indicates that there is no direct
relationship between the above-mentioned
parameters. At the same time, an increase in the
surface of the electrode due to the reduction of the
size of the polycrystalline blocks, in general, is a
positive factor, since it allows increasing the total

Fig. 1. SEM images of the surface of PbO, deposited from 0.1 M HNO;+0.1 M Pb(NO,), solution which additionally contained
X(NO,),, where X is Fe (a), Co (b) or Ni (c). j,=4 mA cm™
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current at the anode with a fixed geometric surface.

From the point of view of the possible influence
of the bond strength of oxygen-containing radicals
adsorbed on the electrode surface during processes
occurred at high anodic potentials, structural
parameters such as the texture and phase composition
of PbO,-based materials may be more important.
These factors can also have a secondary effect on
the chemical composition of the surface of PbO, by
changing the number and nature of cation vacancies
as well as the nature and surface concentration of
oxygen-containing compounds. It is important to
note that according to data obtained from X-Ray
diffractograms, in contrast to nitrate solutions, the
use of methanesulfonate electrolytes of various
compositions allows wide varying of the phase
composition of the coating.

An increase in the current density from 4 to
10 mA cm™2 does not practically affect the phase
composition and texture of the coatings, while the
growth of acid content in both nitrate and
methanesulfonate solutions from 0.1 M to 1.0 M
leads to a significant increase in the amount of
o-phase in coatings up to 25 and 90%, respectively.
It should be noted that the phase composition of
PbO, deposited from nitrate and methanesulfonate
electrolytes practically does not differ at low acidity.
However, at an acid concentration of 1.0 M in an
electrolyte in mixed nitrate-methanesulfonate
electrolytes, the maximum amount of a-phase is only
44%, which is 2 times lower compared to the content
in coatings obtained from methanesulfonate bath
(90%). Since the nitrate ion is not adsorbed on the
surface of the electrode and does not form complex
compounds with Pb?*, the only fact of influence
may be an additional presence of sodium ions in a
solution. Possibly, the latter influences the
coordination of water and its structure in the near-
electrode layer or the hydration of methanesulfonate
ions, which in turn can affect the nature of oxygen-
containing radicals involved in the formation of PbO,.

It is necessary to take into account that when
depositing coatings of a small thickness, certain
influence on its texture and phase composition can
reveal the nature of the substrate. This effect is
manifested for a short time, and then the deposition
is carried out on the lead dioxide.

As concerns the phase composition of coatings,
all investigated samples contained two phases:
o-Pb0O, and B-PbO, with various preferred orientation
depending on type of the dopant. The difference
was observed only in the ratio of these two phases
and also in the degree of crystallinity.

Let’s consider the influence of electrodeposition

conditions on the chemical composition of lead
dioxide. As it is known, in almost all cases, there are
deviations from the ideal stoichiometry of PbO, and
the actual chemical formula of PbO, was
experimentally established by detection of Pb(II) [11]
and structural water [12] within the lattice.
Investigations have also confirmed that there is a
relationship between the hydrogen content in PbO,
and its electrochemical activity.

The chemical composition of PbO,-based
materials may be altered by adding dopants to the
electrolyte. In the first case, it should also be taken
into account the secondary effect of dopants on the
coordination and bond strength of oxygen-containing
particles in the hydrated and crystalline oxide zones.

In the first place, we consider the possibility of
changing the chemical composition of materials based
on PbO, via their micromodification with dopants.
According to the model based on deviations from
the ideal stoichiometry of PbO, that is imputed to
the occurrence of lead cation disorder in the
crystallographic structure, with cation vacancies
forming interfaces (internal surfaces) between
crystallographic ally ordered areas [11], each missing
Pb*" ion would be compensated by Pb** and OH~
ions, and the chemical composition is described by
the formula Pb**_ _ Pb* 0¥, , , OH 4.
Especially in the case of electrochemically deposited
films, the coefficients x and y can have high values
[11]. This structure of the lead dioxide provides a
number of possibilities for its modification by dopants,
which are capable as a result of introduction into
the base oxide to replace as Pb*" and Pb?*' ions or
oxygen-containing ions O2? and HO~. The
replacement of one and the other, will lead to a
change in the bond strength of oxygen-containing
particles with the surface of the electrode, which in
turn can cause a significant change in the
electrocatalytic activity of the materials based on
lead dioxide in advanced oxidation processes.

In all cases, the amount of additive in the oxide
does not reach even 0.1% which indicates some
difficulties in its localization in PbO, due to the small
amount of Pb?' ions in the hydrated zone and
geometric inconsistency. An additional complication
is the mismatch of ion charges of lead and ionic
additives, which necessitates the reorganization of
oxygen-containing ions to comply with the principle
of electroneutrality.

To get further insight into the effects of doping,
we investigated the surface layers by X-ray
photoelectron spectroscopy (XPS). The XPS spectra
of doped PbO, deposited from nitric solutions have
been discussed in detail in our previous publication
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[7,12,13]. The XPS spectra showing the reported Pb
4f;, and Pb 4f; , binding energies and peak separation
of ~5 eV both in the absence and in the presence of
dopants, can be assigned to Pb(1V) [7,8,12,13]. The
XPS investigation was focused mainly on the detailed
analysis of O element. Ols region reveals peaks at
528.9 and 530.2 eV assigned to the lattice oxygen
and to weakly bound oxygen species: adsorbed OH~
and water. Doping of lead dioxide with nickel leads
to a significant increase in the number of labile
oxygen-containing particles on the surface of the
electrode, while iron modification leads to the
opposite effect: an increase in the amount of inert
oxygen-containing particles [7,12,13]. Most likely,
such a significant difference in the properties of PbO,
modified by the metals from iron group is caused by
strong differences in the bond strength between the
hydroxyl groups and the oxygen-containing
compounds of iron, cobalt and nickel. Unfortunately,
due to the low content of the modifying elements,
we failed to identify the nature of the surface
compounds of iron, cobalt and nickel by XPS.

Oxidation of 4-chlorphenol

It is widely recognized [2,6,9,10] that the
electrochemical oxidation of most organic and
inorganic substances at high anode potentials occurs
with the participation of oxygen-containing particles
chemisorbed on the electrode formed during the
anodic ionization of water. At the same time, these
same particles also participate in the reactions of
oxygen and ozone evolution, which proceed
simultaneously to the oxidation of organic
compounds [2,6]. In order to determine the nature
of the electrocatalytic activity in the oxidation of
organic substances, we have chosen phenolic
compounds, in particular, 4-chlorophenol and anode
materials based on lead dioxide. This choice was
due to the fact that the electrochemical oxidation
processes of phenolic compounds at various
electrodes have been fairly well studied, so the main
focus can be only on clarifying the role of the anode
material.

It must be taken into account that the process
of oxidation of organic substances is not necessarily
a direct electrochemical process. There is a strong
possibility that it may occur via oxidants formed in
the primary electrochemical reaction (for example,
hydroxyl radicals or ozone). In fact, such a process
is a secondary chemical process. It should also be
noted that it is not always taken into account that
the oxygen evolution reaction on the electrode can
occur simultaneously with other oxygen transfer
reactions, such as the oxidation of organic or
inorganic compounds [2,9,10].

According to the literature data [14], the anodic
oxidation of 4-chlorophenol results in a large number
of intermediate products. The main intermediates
include benzoquinone and maleic acid. A rather
simple and convenient way to estimate the
electrocatalytic activity of an electrode material is
measuring the time of disappearance of aromatic
intermediates, which can be determined from the
UV spectra of solutions at different times of
electrolysis.

Fig. 2 shows data on the conversion of
chlorophenol in a sulfuric acid solution on PbO, at
a current density of 50 mA c¢cm™? and the formation
of benzoquinone during electrolysis.

According to the data of high-performance
liquid chromatography, 1,4-benzquinone (BQ) is the
main aromatic intermediate, while only maleic acid
was mainly detected in solution during prolonged
electrolysis.

It should be noted that benzoquinone is a toxic
compound, therefore, additional time is required for
its conversion to aliphatic compounds during
electrolysis. According to the literature [3,6,9], it is
easily oxidized on various oxide materials. As follows
from Fig. 3, the concentration of benzoquinone
reaches a maximum after 100 minutes of electrolysis
during the oxidation of chlorophenol in sulfuric acid
solutions under our conditions.

Since benzoquinone is an important aromatic
intermediate of chlorophenol oxidation, we
performed electrolysis of solutions containing
benzoquinone as an initial compound. According to
the data obtained, benzoquinone oxidized faster than
chlorophenol.

Like for chlorophenol, the conversion rate of
benzoquinone was higher at 0°C than at 25°C. Thus,
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Fig. 2. Change of concentration of 4-chlorphenol (1) and
benzoquinone (2) solutions during electrolysis in 1 M H,SO, at
50 mA cm™2. Temperature 273 K
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under identical experimental conditions and with an
initial benzoquinone concentration of 1.2x1073 M,
about 95% of the initial compound was oxidized
after 2 hours of electrolysis at 50 mA cm™? and 0°C,
while at 25°C the conversion rate was only 65%.

As the decrease in solution temperature leads
to a significant increase in ozone current efficiency
[9], one of the possible reasons for increasing the
rate of oxidation of chlorophenol and benzoquinone
at low temperatures is a secondary chemical oxidation
of organic substances by electrochemically generated
ozone. However, this reason is hardly the main and
the only one. As follows from the obtained data, the
rate of ozone formation decreases considerably with
increasing temperature as compared with the
oxidation of benzoquinone. In addition, it should
be taken into account that adding new portion of
chlorophenol or benzoquinone to the solution leads
to an almost complete inhibition of ozone evolution.
The data obtained allow making an assumption that
there is no direct relationship between the processes
of electrochemical oxidation of phenols and ozone
evolution. Most likely, the adsorption of phenols on
the surface of the electrode blocks the active sites
on which oxygen-containing particles highly bonded
to the surface are formed, that was described in detail
in our previous article [9].

The maximum conversion rate of chlorophenol
is observed in a phosphate buffer solution at pH 7.
The observed phenomenon can hardly be due to the
dissociation of chlorophenol, since such a process is
usually observed at a pH of more than 9. This is
most likely due to a change in the ratio of various
forms of adsorbed oxygen-containing particles during
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the adsorption of phosphate ions to surface of PbO,.

Fig. 3 shows the electronic absorption spectra
of solutions obtained at different duration of
electrolysis (the initial concentration of 4-chloro-
phenol was 1 mM). The initial solution of
chlorophenol is characterized by two peaks at
wavelengths of 230 and 280 nm. At the first time of
the electrolysis, a peak decrease at 230 nm is observed
as well as a slight increase in the peak at 280 nm and
the appearance of the plateau at 250—270 nm, which
is due to a decrease in the concentration of
chlorophenol and the accumulation of benzoquinone
in the solution. A further increase in the electrolysis
duration leads to the disappearance of peaks at 230
and 280 nm as well as to the site decrease at 250—
270 nm due to a decrease in the concentrations of
both chlorophenol and benzoquinone. After 4 hours
of electrolysis, the complete destruction of aromatic
compounds occurs with the formation of only
aliphatic products (in particular, maleic acid). It
should be noted that the processes of electrooxidation
of 4-chlorophenol on unmodified and modified lead
dioxide electrodes proceed qualitatively via the same
way and differ only in the rate of process.

As one can see from Fig. 4, the micro-
modification of lead dioxide with metal ions of iron
group leads to a significant change in the electro-
catalytic activity of oxide materials. The activity grows
in the following sequence of modifying ions:
Pb0O,<Co—Pb0O,<Fe—PbO,<Ni—PbO,. With the
exception of oxide modified with iron, the strength
of the bond of chemisorbed oxygen-containing
particles to the surface of the electrode decreases in
this same sequence. This suggests that labile oxygen-

200

Fig. 3. The electronic absorption spectra of 0.5 M Na,SO,+1.2 mM 4-chlorphenol+phosphate buffer solution at different
electrolysis duration on the nonmodified PbO, anode, where electrolysis duration is (h): 1 —0; 2 —0.5; 3 —1.0; 4 — 1.5; 5 — 2.0;
6 — 3.0; 7 — 4.0. Temperature 293 K
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containing particles take part in the electrochemical
oxidation of organic substances at high anode
potentials. The creation on the electrode surface of
an additional number of active centers on which
such particles are generated, in particular, by
micromodifying the oxide with various ionic
additives, will lead to an increase in the
electrocatalytic activity of the material.

An increase in the content of a dopant in the
deposition electrolyte leads to an increase in the
electrocatalytic activity of the material (Fig. 5). This

is due to an increase in the number of active sites
due to an increase in the content of modifying ions
in lead dioxide.

Conclusions

As follows from the data obtained, the rate of
oxidation of organic substances on the anode
materials involved is proportional to the number of
reactive oxygen species in the near-electrode zone
(OH-radicals) formed during the electrolysis as
intermediates in water oxidation and participating
in subsequent homogeneous chemical reactions with

1
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Fig. 4. The electronic absorption spectra of 0.5 M Na,SO,+0.1 mM 4-chlorphenol+phosphate buffer solution on different
electrodes at 50 mA cm™ after 2 hours of electrolysis, where 1 — PbO,; 2 — Co—PbO,; 3 — Fe—PbO,; 4 — Ni—PbO,.
Temperature 293 K
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Fig. 5. The electronic absorption spectra of 0.5 M Na,SO,+0.1 mM 4-chlorphenol+phosphate buffer solution on different

electrodes at 50 mA c¢cm™? after 1.5 hours of electrolysis, where 1 —

PbO,; 2 — Ni—Pb0, (0.01 M Ni(NO,),); 3 — Ni—Pb0, (0.03

M Ni(NO,),); 4 — Ni—PbO, (0.1 M Ni(NO,),). Temperature 293 K
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organic substrates in the bulk.

The micromodification of lead dioxide with
ionic additives leads to a significant increase in the
electrocatalytic activity with respect to direct anodic
oxidation of 4-chlorophenol. The micromodification
of lead dioxide with metal ions of iron group leads
to a significant change in the electrocatalytic activity
of oxide materials. The activity grows in the following
subsequence of modifying ions: PbO,<Co—
PbO,<Fe—PbO,<Ni—PbO,. The data obtained
suggest that an analogous increase in activity should
be observed with respect to other reactions with
oxygen transfer of a similar type, in particular, the
oxidation of natural and synthetic organic substances.
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EJJEKTPOOKNMICHEHHA 4-XJIOP®EHOJY HA
MOJIUPIKOBAHUX JIOKCUJTHOCBUHIIEBUX
AHOJAX

0. IlImuuxosa, T. Jlyk’anenxo, JI. JImimpixoea, O. Beaiuenxo

Jlocaionceno eaexkmpoximiuHe oKuciaeHHs 4-xaopgherony Ha
JioKcUuOHOCBUHUEBUX AHOOAX, MIKPOMOOUDIKOBAHUX IOHAMU epYynU
Depymy. Ak euniusac 3 ompumanux OaHUX, WEUOKICMb OKUCACHHS
OPRAHIMHUX PeYOGUH HA AHOOHUX MAmMepianrax NponopyiuHa 4ucty
aKmueHUX opm KUCHIO 8 HagkonoesekmpooHiu 3oui (OH-paduxa-
AU), W0 YMBOPIOMbCA Ni0 Yac eAeKmponisy K NPOMIJICHUX CROAYK
¥ npoueci OKUCHeHHs 800U ma 6epyms y4acmo 6 no0anbuux 00HO-
PIOHUX XIMiuHUX peakuisx 3 opeaniynumu cyocmpamamu. Ilix Ols
Ha peHmeeHiecoKux (homoeseKmpoHHUX cnekmpax 0ye eukopucma-
HUll 0451 OYIHIOBAHHS KiNbKOCMI [HEPMHUX | AAOINbHUX OKCU2eHO-
B8MICHUX 4ACMUHOK Ha HeMoougikosanomy ma mooughixoeanomy
PbO,. Jlonysanns narom6ym diokcudy Hikorom npusodumse do 3ua-
YHO2O 30iNbUEeHHS KIAbKOCMI AAOINbHUX OKCUEHOBMICHUX Yacmu-
HOK Ha NoeepxHi enekmpooa, mooi sk mooughikauis Pepymom npu-
6800umb 0o nPomuneNCcHo20 eghekmy — 30inbuleHHs Kinbkocmi iHep-
MHUX YACMUHOK, W0 Micmsamb KuceHs. AHOOHe oKkucaeHHs 4-xaop-
cherony npueodums 00 docums 8eAUKO0I KiAbKOCMI NPOMIJICHUX NPO-
dykmig. OCHOBHI NPOMINCHI CNOAYKU 8KAHOUAIOMb OEH3XIHOH | Ma-
AeiHO8Y Kucaomy, wo niomeepoicyemovcs GuUcCOKoepeKmugHow0
pidunnoro xpomamoepadpiero. Mixpomoodughikauis narombym diok-
cudy memanesumu ionamu epynu Pepymy 6ede 0o cymmegoi 3miHu
eNeKmpPoKamanimu4Hoi aKkmueHocmi okcuoHux mamepianis. Ax-
MueHicmb 3pocmae 6 HACMYNHOMY pA0y MOOU@IKyrUux ioHie:
PbO,<Co—PbO,<Fe—PbO,<Ni—Pb0,.

KimrouoBi ciioBa: mmoMOyM TiOKCHUIT, HITPaTHUIA €JIEKTPOJIIT,
4-xmopdeHo, OKCUTeHOBMicHI panukanu, Ols mik.

ELECTROOXIDATION OF 4-CLORPHENOL ON
MODIFIED LEAD DIOXIDE ANODES
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The electrochemical oxidation of 4-chlorophenol on lead
dioxide anodes micromodified by ions of iron group has been
investigated. As follows from the data obtained, the rate of oxidation
of organic substances on the anode materials involved is proportional
to the number of reactive oxygen species in the near-electrode zone
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(OH—radicals) formed during the electrolysis as intermediates in
water oxidation and participating in subsequent homogeneous chemical
reactions with organic substrates in the bulk. The Ols peak on X—
Ray photoelectron spectra was used to evaluate the amount of inert
and labile oxygen-containing particles on undoped and doped PbO.,.
Doping of lead dioxide with nickel leads to a significant increase in
the number of labile oxygen-containing particles on the surface of
the electrode, while iron modification leads to the opposite effect —
an increase in the amount of inert oxygen-containing particles. The
anodic oxidation of 4-chlorophenol yields a rather large number of
intermediate products. The main intermediates include benzoquinone
and maleic acid which was confirmed by high-performance liquid
chromatography. The micromodification of lead dioxide with metal
ions of iron group leads to a significant change in the electrocatalytic
activity of oxide materials. The activity grows in the following sequence
of modifying ions: PbO,<Co—PbO,<Fe—PbO,<Ni—PbO,.

Keywords: lead dioxide; nitrate electrolyte; 4-chlorophe-
nol; oxygen-containing radicals; Ols peak.
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