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B. Ž. Nikolić
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Abstract The oxidation of phenol on the RuO2–TiO2/Ti
electrode has been studied by cyclic voltammetry, po-
larization measurements, electrochemical impedance
spectroscopy and potentiostatic transients in H2SO4 and
NaCl aqueous solutions. A reaction path with poly-
merization as the main reaction and side reactions after
the initial step, similar to the reaction path on other
electrode materials, is suggested. The formation of a
phenoxy radical in a diffusion-controlled irreversible
process is the initial step. The polymerization of phe-
noxy radicals leads to the formation of porous poly-
oxyphenylene film, strongly adherent to the electrode
surface. The cyclic voltammetry measurements indicate
side products, which could be, according to the litera-
ture, of quinone-like structure. Polyoxyphenylene film
inhibits further oxidation of phenol, although complete
electrode passivation was not observed. The presence of
polyoxyphenylene film does not influence the pseudo-
capacitive behaviour of the electrode to a great extent,
since the polyoxyphenylene film covers dominantly the
coating surface, while active sites placed within coating
cracks remain uncovered. The film seems to be perme-
able for hydrogen ions and water molecules.
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Introduction

Treatment of industrial wastewaters for removal of
organic impurities, especially those containing phenol
and chlorophenols, is a very important aspect of
environmental technology. Electrooxidation of such
impurities appears to be a promising process, since no
additional oxidative reagents should be used [1],
although electrochemical reactions, by which organic
impurities from wastewater have to be oxidized, are
connected with two common limitations. First, an
appropriate anode material with good electrocatalytic
activity for the oxidation of an appropriate organic
compound has to be selected, and second, the oxida-
tion reaction of impurities is, as a rule, subjected to
mass-transport limitations, as a consequence of the low
concentration of impurities.

The oxidation of phenol and substituted phenols has
been investigated on a variety of metal anodes [2], with
special attention being given to Pt [1, 2, 3, 4, 5, 6, 7, 8]
and Au [6, 7], but also to Ag [9] and Ni–Nb–Pt–Sn alloy
[10]. Owing to the good activity for total organic carbon
removal, the anodes based on conductive metal oxides,
such as PbO2, SnO2, IrO2 and RuO2 appear to be more
promising materials for use in practical treatment of
wastewaters containing organic impurities [8, 11, 12, 13,
14, 15, 16]. Recently, investigations of the activity of
other nonmetal materials have been undertaken [1, 2, 17,
18, 19, 20]. Especially attractive are boron-doped dia-
mond [17, 18], glassy carbon [19] and so-called quasi-3D
materials, such as carbon felt [1, 2] and carbon black
slurry electrodes [20], as highly-porous materials with
large surface areas.

The first step in the electrooxidation of phenol and
substituted phenols is the formation of phenoxy radicals
[1, 6, 19, 20, 21], which can initiate the chain or branched
polymerization, depending on the type of substitution in
the phenol molecule [1, 3, 4, 19]. An alternative pathway
of phenol electrooxidation is a combustion sequence
that leads to the formation of quinone-like species, such
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as hydroquinone and benzoquinone, followed by further
oxidation to organic acids and finally to CO2[6, 17, 20].
Complete mineralization can be achieved only at high
current densities and low phenol concentration [17].
Low current densities and high phenol concentration are
beneficial for polymerization, with aromatic compounds
as the main products of side reactions [7, 17, 19]. The
polymer formed strongly adheres to the electrode sur-
face, making an insulating film that inhibits further
phenol oxidation [3, 17, 19]. Musiani and coworkers [22,
23] investigated the properties of such a polymer elec-
troformed on steel, and found that the film provides
good protection against the corrosion of steel.

Dimensionally stable anodes (DSA), consisting of
titanium-supported coatings of noble-metal oxides,
seem to be very promising materials for this type of
electrochemical reaction [11, 12, 13, 14, 15, 16], since
they have large electrochemically active surface area,
especially those prepared by the sol–gel procedure [25,
26], and high electrocatalytic activity for a number of
electrochemical oxidation as well. Comninellis and
coworkers [14, 15, 16] investigated the combustion of
organics with simultaneous oxygen evolution from
water on several DSA-type anodes and found that it
occurs at oxide active sites where OH radicals are ac-
cumulated.

There is a lack of papers dealing with the phenol
oxidation on DSA in the potential range of water sta-
bility. The aim of this work is to investigate the elec-
trocatalytic activity of a RuO2–TiO2/Ti electrode
prepared by the sol–gel procedure in the electrochemical
oxidation of phenol and the changes in electrode prop-
erties during the oxidation. The oxidation was carried
out at potentials lower than the potentials of the oxygen
and/or chlorine evolution reaction. The effect of the
polyoxyphenylene film formed on the electrochemical
properties of the RuO2–TiO2 coating was also in-
vestigated.

Experimental

Electrode preparation

The oxide sols, used in the sol–gel procedure for ti-
tanium-supported RuO2–TiO2coating formation, were
prepared by forced hydrolysis of RuCl3 and TiCl3 in
extremely acid solutions (about 5.0 mol dm�3 HCl) as
described elsewhere [24]. The chloride precursors were
added in quantities that give about 1 mass % of a
solid phase in the dispersion. The medium for RuO2

sol preparation was aged for 46 h, while that for TiO2

sol preparation was aged for 15 h. The oxide sols were
then mixed in amounts that give the RuO2(40 a-
tom %)–TiO2(60 atom %) coating composition. The
parameters in the sol preparation procedure (acid
medium composition and duration of forced hydro-
lysis) were adjusted for the preparation of the
RuO2(40 atom %)–TiO2(60 atom %) coating, which is

the coating with best activity and stability [25, 26].
The oxide coating was deposited onto a previously
prepared titanium disk (7.2 mm in diameter) by mul-
tilayer application of an oxide sol mixture [25], which
gave a total oxide amount on the electrode of
1.5 mg cm�2. For each layer, the dispersing phase of
the sol mixture was evaporated at 70 �C, and gel
phase was afterwards calcined at 450 �C for 15 min.
The final calcinations were performed at the same
temperature for 30 min.

Fig. 1 a Cyclic voltammograms of a RuO2(40 atom %)–TiO2

(60 atom %)/Ti electrode recorded in 0.01 mol dm�3 C6H5OH
+0.5 mol dm�3 H2SO4water solution at room temperature; b base
voltammogram, recorded in 0.5 mol dm�3 H2SO4, and steady-
state voltammogram referred to 60 min of cycling in C6H5OH
containing solution; c base voltammograms recorded before and
after all experiments with phenol-containing solution. Sweep rate
20 mV s�1
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Solutions

Water (18 MW cm�1) solutions of 0.5 mol dm�3H2SO4

or 1.0 mol dm�3 NaCl, pH 2, were used as supporting
electrolytes. The phenol solution was prepared from
p.a. grade phenol (Chemapol, Czech Republic). An
appropriate amount of phenol was dissolved in the
supporting electrolyte to give a concentration of
0.01 mol dm–3.

The cell

A one-compartment cell was used for electrochemical
measurements. A Pt wire or a Pt gauze electrode was
used as the counter electrode, while the saturated ca-
lomel electrode (SCE) served as the reference elec-
trode. All experiments were carried out at room
temperature.

Apparatus

The cyclic voltammetry, the polarization measurements
and the potentiostatic transients were carried out with a
PINE RDE4 potentiostat/galvanostat and with a CV-27
voltammograph (Bioanalytical Systems, USA). The
electrochemical impedance spectroscopy (EIS) mea-
surements on the electrode covered with poly-
oxyphenylene film were done in NaCl supporting
electrolyte using 5 mV amplitude of sinusoidal voltage
around the potential of 0.5 VSCE over a frequency range
from 100 kHz to 50 mHz. A PAR 5301 lock-in amplifier
connected to a PAR 273A potentiostat/galvanostat was
used. The impedance data were analysed using a suitable
fitting procedure [27].

Results and discussion

The successive cyclic voltammograms of the RuO2–
TiO2/Ti electrode, recorded in 0.01 mol dm�3C6H5OH
and 0.5 mol dm–3H2SO4 at 20 mV s�1 within the po-
tential range of water stability, including the base
voltammogram in supporting electrolyte are shown in
Fig. 1, panel a. The voltammogram registered after
60 min of cycling, which could be assumed as the
steady state, is shown in Fig. 1, panel b along with the
base voltammogram. The base voltammograms in
supporting electrolyte before and after all measure-
ments with phenol containing electrolyte are shown in
Fig. 1, panel c. The same voltammetric behaviour was
recorded in NaCl supporting and NaCl–phenol elec-
trolyte.

In the first scan, a very pronounced peak, a3, appears
at a potential around 1.0 VSCE, without the cathodic
counterpart. In subsequent cycling, pair of peaks, a1–c1,
and an anodic peak, a2, at around 0.5 and 0.7 VSCE,
respectively, are seen. In the course of cycling, the in-
tensity of peak a3 decreases, while its position shifts
towards the more negative potentials. Also, the pair a1–
c1 and peak a2 fully develop. The development of
peaks a1 and a2 is more clearly seen in Fig. 2. It is seen
that the intensity of peak a1 increases with cycling, while
the intensity of peak a2 reaches a constant value after
about 30 min of cycling at 20 mV s�1. The position of
both peaks shifts towards the more positive potentials.
The changes in intensity of cathodic peak c1 (not
shown) are equivalent, although the changes in the peak
position were not seen.

Peak a3 could be attributed to the formation of a
phenoxy radical, which is the first step in phenol elec-
trooxidation [1, 6, 7, 19]:

Fig. 2 Anodic part of the cyclic
voltammograms from Fig 1,
panel a shown within the
potential window in which
peaks a1and a2 appear. The
anodic part of the initial scan
prior to phenol oxidation is
marked as base
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The polymerization of phenoxy radicals is the second
reaction step. The inhibition of reaction 1, seen through
the decrease in the intensity of peak a3 with cycling, is
due to the continuous covering of the surface-active sites
of oxide coating by the polyoxyphenylene film formed
by radical polymerization [1, 3, 4, 7, 19].

In the investigation of phenol oxidation on Pt, Al-
Maznai and Conway [1] obtained similar results con-
cerning the cyclic voltammetry of the quinone/hydro-
quinone system. They registered kinetically irreversible
behaviour of the quinone/hydroquinone system with a
broad region of oxidation currents at potentials between
0.75 and 1.0 VPd/H, and one pronounced reduction peak
at around 0.55 VPd/H. These observations are in line
with the explanation of peaks a1/c1 and a2 in Figs. 1
and 2 as the formation and reaction of quinone-like
species. Actually, the phenoxy radical formed in reac-
tion (1) can be oxidized to the phenoxonium cation [28]:

which in turn can undergo nucleophilic attack by water
to form hydroquinone, i.e. the quinone/hydroquinone
redox system should be expected:

The difference in the shape of the base and the
steady-state voltammograms in Fig. 1, panel b is seen
in the potential regions of phenoxy radical formation
and quinone/hydroquinone reaction. Outside these re-
gions the two voltammograms overlap. This leads to
the assumption that the polyoxyphenylene film on the
electrode surface does not affect the electrode capaci-
tive behaviour. The capacitive behaviour of the RuO2-
based electrode is caused by at least three separate
contributions [29]. The most dominant is the pseudo-

capacitive contribution from the solid-state surface re-
dox transition that involves proton injection/ejection
[30, 31]:

Fig. 3 Potentiostatic transients
obtained for a
RuO2(40 atom %)–
TiO2(60 atom %)/Ti electrode
in 0.5 mol dm�3 H2SO4 and in
0.01 mol dm�3

C6H5OH+0.5 mol dm�3

H2SO4 at 1.0 VSCE. Initial
potential, prior to pulse, 0.80
VSCE

ð1Þ

ð2Þ

ð3Þ
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RuOx þ dHþ þ de -
�RuOx - d OHð Þd; 06d6x. ð4Þ

The polyoxyphenylene film formed in electrooxida-
tion of phenol remains adsorbed on the surface after the
removal of the electrode from a phenol-containing
electrolyte [4, 23], so the coincidence of the voltammo-
grams in Fig. 1, panel c confirms the assumption made
from the similarity of the voltammograms in Fig. 1,
panel b. Since the electrode pseudocapacitive behaviour
is not disturbed, it can be concluded that the poly-
oxyphenylene film produced is permeable for the pro-
tons involved in reaction (4).

However, from the standpoint of the phenol oxida-
tion reaction an additional comment can be made.

Despite the decrease in the peak a3 current during the
cycling, the peak still exists in the steady-state and
complete inhibition of reaction (1) is not registered. This
observation suggests that some of the active sites remain
uncovered during the polymerization and maintain the
activity for phenol oxidation.

The potentiostatic transients recorded at 1.0 VSCE

(near the potential of peak a3) in supporting electrolyte
and in the presence of 0.01 mol dm�3C6H5OH are
shown in Fig. 3. Prior to the potential pulse, the elec-
trode was kept at 0.80 VSCE for 15 min.

The charging process in a supporting electrolyte is
considerably faster than in the phenol-containing elec-
trolyte. The current in the phenol-containing electrolyte

Fig. 4 a Initial cyclic
voltammograms of a
RuO2(40 atom %)–
TiO2(60 atom %)/Ti electrode
in 0.01 mol dm�3

C6H5OH+0.5 mol
dm�3 H2SO4at different scan
rates and b the dependences of
the peak a3 potential and
current on scan rate
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is larger by approximately 1 order of magnitude and the
decay is longer. As a consequence of increasing electrode
coverage by the polyoxyphenylene film during the
transient, the current asymptotically reaches the current
plateau registered for the supporting electrolyte in ap-
proximately 50 min. This means that almost complete
coverage of active sites is achieved during the potentio-
static transient, which is not the case in potential cycling
up to the steady state (60 min). From this, one can
conclude that the anode is covered with a greater
amount of polyoxyphenylene film in the case of po-
tentiostatic phenol oxidation than in potential cycling.

Taking into account the distribution of the active
sites within the coating structure [25] and the theory of
porous electrodes [32], the observed behaviour of the
sol–gel-prepared RuO2–TiO2 coating in phenol oxida-
tion can be commented on as follows. The anode elec-
trochemically active surface can be considered as the
outer and the inner active surface related to outer and
inner active sites. While the former directly ‘‘faces’’ the
electrolyte, the later is ‘‘hidden’’ within coating pores
and cracks [25, 31]. In the early stages of phenol oxi-
dation (first few cycles), reaction (1) is dominantly fol-
lowed by polymerization at surface active sites owing to
the relatively high phenol concentration. In the solution
of low phenol concentration, parallel side reactions (2)
and (3), with quinone structures as the products, are
favoured [7, 17, 19]. Since the phenol concentration in
coating pores and cracks is considerably lower than in
the bulk of the electrolyte owing to mass-transfer lim-
itations, these side reactions are dominant at inner active
sites. As the oxidation proceeds, the surface-active sites

are progressively covered by the polymer formed, while
the reactions in the porous structure are not suppressed.
In the steady state, reaction (1) occurs at the uncovered
inner active sites, and phenoxy radicals undergo side
reactions rather than polymerization. In the potentio-
static phenol oxidation the higher number of active sites
in the bulk of the coating is accessible to the reacting
species than in cyclic voltammetry conditions [31], where
the diffusion of reacting species towards the inner active
sites is slow compared with the sweep rate. This causes
the polymerization reaction pathway to prevail also at
the active sites placed deeper into the bulk of the coating
in potentiostatic oxidation. Thus, the potentiostatically
formed polymer film completely inhibits the oxidation,
and the current reaches a value close to the value of the
background current in the supporting electrolyte
(Fig. 3).

The voltammetric curves are qualitatively the same at
any applied scan rate. The first scans for different scan
rates are shown in Fig. 4a. The intensity of peak a3 in-
creases with scan rate, while the peak potential shifts
towards positive values.

Figure 4b shows that the potential of peak a3 de-
pends exponentially on the scan rate, while the peak
currents, corrected for background current, show a lin-
ear dependence on the square root of the scan rate,
which indicates a diffusion-controlled reaction. The
slope of the Ea3–log vplot is close to 30 mV, which
corresponds to the Tafel slope of 60 mV.

The Tafel plot for phenol oxidation, obtained from
the first anodic linear sweep voltammogram at
0.5 mV s–1, is given in Fig. 5. The plot shows a slope of
about 70 mV, which is in fair agreement with the Ea3–
log vdata from Fig. 4b. Ureta-Zañartu et al. [19] also
registered similar slope values for phenol oxidation on a
glassy carbon electrode. This slope indicates that phe-
noxy radical formation could involve adsorption effects
and/or subsequent chemical reaction. Iotov and Kal-
cheva [6] proposed the mechanism for phenoxy radical
formation at Pt, Au and Pt/Au electrodes, in which the
phenoxy radical formed remains adsorbed at the elec-
trode surface and the polyoxyphenylene film is formed in
the polymerization reaction of adsorbed radicals.

The influence of the electrode coverage with the
polyoxyphenylene film produced on the Tafel slope and
on the current of phenol oxidation is shown in Fig. 6.
The plots for the upper potential limit of 1.10 VSCE

(prior to the oxygen evolution reaction) or 1.35 VSCE

(region of oxygen evolution) are shown in Fig. 6a. As
can be seen, the change in the upper limit does not in-
fluence the electrode behaviour in phenol oxidation
during successive anodic sweeps. The sharp decrease in
current density between the first and the second run as
well as the increase in the Tafel slope from 70 mV to
about 110 mV are seen in Fig. 6b. The decrease in cur-
rent density for two successive runs becomes less pro-
nounced with cycling, while the slope increases by about
10 mV in each subsequent run, reaching a value of about
250 mV in the steady state.

Fig. 5 Tafel plot for phenol oxidation on a RuO2(40 atom %)–
TiO2(60 atom%)/Ti electrode in 0.01 mol dm�3 C6H5OH+0.5 -
mol dm�3 H2SO4; room temperature
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The Tafel plots for the oxygen evolution reaction
recorded in supporting H2SO4 electrolyte and in a
phenol-containing electrolyte in the potential range

from 1.10 to 1.35 VSCE (immediately after phenol
oxidation) are shown in Fig. 7. It can be concluded
that the presence of the film does not influence con-

Fig. 6 a Tafel plots obtained by
successive anodic sweeps of
0.5 mV s�1(upper potential
limits 1.1 VSCE, hollow symbols,
and 1.35 VSCE, full symbols) on
a RuO2(40 atom %)–
TiO2(60 atom %)/Ti electrode
in 0.01 mol dm�3

C6H5OH+0.5 mol dm�3

H2SO4at room temperature and
b the changes of the Tafel slope
and the current density at
0.9 VSCE as a function of the
number of sweeps
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siderably the kinetics of the oxygen evolution reaction,
which indicates the film permeability to the water
molecules.

In order to obtain better insight into the properties of
polyoxyphenylene film and into the influence of the film
on the anode capacitive behaviour, EIS measurements
were done. The impedance data for the electrode before
phenol oxidation (state A, supporting electrolyte), after
the steady state (state B) and after the potentiostatic
phenol oxidation (state C) are shown in Fig. 8 as com-
plex plane and Bode phase-angle plots. The data were
recorded at a potential of 0.55 VSCE (the capacitive re-
gion) in NaCl supporting electrolyte. The capacitive (i.e.
pseudocapacitive) behaviour in all cases is registered in
the low-frequency domain (curves A, B and C). The
impedance behaviour of the electrode in state A is al-
most purely capacitive (Fig. 8a), while the behaviour of
the electrode with different amounts of poly-
oxyphenylene film (curves B and C) indicates the capa-
citive response of the porous inner parts of the coating.
This can be observed from the decreasing slope of the
�Z¢¢–Z¢ dependencies and decreasing phase angle of the
Bode plots in the low-frequency domain going from
curve A to curve C.

The influence of the polyoxyphenylene film is better
seen from the impedance data collected in the high-fre-
quency region. In this region, the almost vertical straight
line for the electrode before phenol oxidation (Fig. 8a,
curve A) transforms into the line with slope close to 45�
for the electrodes covered by the film (curves B and C).
Analysing the change from curve B to curve C, one can
see that the frequency range, in which this straight line
has a slope of 45�, extends to lower frequencies as the
amount of polyoxyphenylene increases. This indicates
slow diffusion of charged species involved in the
electrode pseudocapacitive response through the

polyoxyphenylene film-oxide coating system, as
expected for the porous layers [27, 30]. These diffusion
limitations become more pronounced as the amount of
polymer increases.

The physical model of the electrode with the poly-
oxyphenylene film present on the surface can be dis-
cussed considering the equivalent electrical circuits
(EEC) used to fit the experimental impedance data
(Fig. 9). The circuits for the electrode related to curves
A, B and C in Fig. 8 are represented in Fig. 9, while the
simulation data are shown as solid lines along with the
experimental data in Fig. 8b. The impedance data for
the electrode without polymer film are fitted with simple
EEC consisting of the electrolyte resistance,RW, and a
constant phase element related to the pseudocapacitive
behaviour of the RuO2–TiO2 coating, Q, in series
(Fig. 9a). The impedance of the constant phase element
is given by the equation

1

ZCPE
¼ Y0 jxð Þn; ð5Þ

where Y0, in W–1sn is the constant phase element con-
stant, j=(�1)1/2,x, in units of radians per second, is the
angular frequency and n is a dimensionless parameter
that takes values between 0 and 1. For n=1 the constant
phase element represents the capacitor, while for n=0 it
becomes frequency-independent resistance. The constant
phase element is often used in simulations to describe the
double-layer capacitance of inhomogeneous surfaces
and/or the quasi-3D surface of porous electrodes. In this
case, n takes values between 0.5 (highly branched porous
systems) and 1 (ideally flat surfaces).

In Fig. 9A, Q is related to the pseudocapacitive
contribution of both outer and inner coating active sites.
In order to fit the impedance data for the electrode after

Fig. 7 Tafel plots for the
oxygen evolution reaction on a
RuO2(40 atom %)–
TiO2(60 atom %)/Ti electrode
recorded in
0.5 mol dm�3 H2SO4(circles),
and in the presence of phenol in
the first (squares), second
(triangles) and steady-state
(crosses) cycle; room
temperature, sweep rate
0.5 mV s�1
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phenol oxidation, two constant phase elements have to
be included in the EEC. They indicate the separate re-
sponse of outer (Qout) and the inner (Qin) active sites of
the RuO2–TiO2 coating covered by polyoxyphenylene
film (Fig. 9B, C), which were seen in state A as the
mutual capacitive response. Additionally, these circuits
include the pore resistance,Rp, and the porous Warburg
element, T, which describes the diffusion through the
porous layer of finite thickness [27]. The impedance of
the T element is given by the equation

1

ZT
¼ Y0

ffiffiffiffiffiffi

jx
p

� �

tanh B
ffiffiffiffiffiffi

jx
p

� �

; ð6Þ

where B, in units of seconds to the half power, is the time
constant parameter. At high frequencies (x>2/B2) the T
element behaves as the Warburg impedance, while at
low frequencies it behaves as R and C in series, with
R=(B/Y0)/3.

In Fig. 9B and C the T element relates to the poly-
oxyphenylene film on the coating surface, while the B

Fig. 8 a Impedance diagrams in
the complex plane and b Bode
phase-angle plots for a
RuO2(40 atom %)–
TiO2(60 atom %)/Ti electrode
before phenol oxidation (A),
after the steady state (B) and
after potentiostatic oxidation
(C)
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parameter characterizes the time it takes for protons to
diffuse through the film. The capacitive response of inner
active sites is represented by a separate circuit branch
(Fig. 9B), which is not included in the absence of the
film on the coating surface (Fig. 9A).

The mean values of the parameters for the elements
of the characteristic equivalent circuits are listed in

Table 1. The relative deviation from the mean values
was below 15% for all parameters. The Y0 value of Q in
state A is quite similar to the Y0 values of Qin (having in
mind that Qout is negligible in comparison with Qin) for
the electrode with the polymer film on the surface (sta-
tes B and C), which is in accordance with cyclic vol-
tammetry data (Fig. 1b, c) showing that the polymer
film does not disturb the coating capacitive behaviour.
Taking into account the transmission-line model for
EEC of porous electrodes [30] and simple EEC from
Fig. 9a, it can be assumed that Q in state A relates
mainly to the capacitive response of the coating surface
active sites. The Y0 value of Q is higher than the Y0

Fig. 9 Illustrations of a RuO2–TiO2/Ti electrode with a polyox-
yphenylene film present on the surface and the equivalent electrical
circuits used to fit the impedance data of the electrode A before
phenol oxidation, B after the steady state and C after potentiostatic
oxidation
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values of Qout for states B and C, which indicates that
not all of the coating outer active sites participate in
Qout, despite the permeability of the polymer film. The n
values of Qout are lower than the n value of Q owing to
the difficult accessibility of electrolyte species to the
outer active sites through the polymer film. As can be
seen, the value of Y0 of Qout in state C is double the
value obtained in state B. This can suggest that the
polymer film formed potentiostatically is more perme-
able than that obtained during the cycling, despite the
greater thickness of the former. The values of parameter
n of Qin in states B and C are quite close to 0.5, in-
dicating slow diffusion of the electrolyte species that is
included in the pseudocapacitive response of the inner
part of the RuO2–TiO2 coating. The diffusion limita-
tions become more pronounced with the increased
amount of polymer (from state B to state C), which is
indicated by the increasing values of the Y0 and B
parameters of the T element as well as by decreasing
values of the parameters Y0 and n of the Qin element.
This could be due to the decreasing diameter of pore
orifices, which is also indicated by somewhat higher Rp

value obtained in state C.

Conclusion

The first reaction step in the oxidation of phenol on a
RuO2(40 atom %)–TiO2(60 atom %)/Ti electrode at
the potentials prior to oxygen evolution is the formation
of a phenoxy radical, which is irreversible, mass-trans-
port controlled process involving an adsorption step.
Polymerization of phenoxy radicals results in the for-
mation of polyoxyphenylene film, strongly adherent to
the electrode surface. The film hinders further phenol
oxidation. The presence of side products of quinone-like
structure, formed in the reactions parallel to the poly-
merization, is also seen.

The film appears to be permeable to protons and
water molecules, so it does not disturb the pseudoca-
pacitive properties of the electrode material or its

electrocatalytic properties in oxygen evolution. The
polyoxyphenylene film covers the surface-active sites,
while those placed in the inner part of the RuO2–TiO2

coating remain uncovered. This is due to the lower
phenol concentration within the coating pores, which
favours the parallel reaction of quinone-like species
formation. In the potentiostatic phenol oxidation, the
inhibitive effect of the polymer film is more pronounced
and persists in the inner coating region as well.

The impedance measurements confirm that the
polyoxyphenylene film covers only the surface active
sites of the RuO2-TiO2 coating, causing the pseudoca-
pacitive response of the coating inner active sites to be
diffusion-controlled. The diffusion limitations become
more pronounced as the amount of polymer on the
RuO2–TiO2 coating surface increases.
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