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Abstract Composite PEDOT/Au films were obtained by
chemical deposition of dispersed gold nanoparticles into
PEDOT (poly-3,4-ethylenedioxythiophene) conducting
polymer matrix. Morphology of the obtained gold-
containing films was studied by SEM and TEM methods.
To study the kinetics of the hydrogen peroxide electro-
reduction that proceeds on glassy carbon electrodes
modified with such films, we used phosphate buffer
solutions containing addenda of hydrogen peroxide
species. It was observed that the electroreduction process
takes place on both the gold clusters’ surface and the film
surface free of metal inclusions. The rate of the process
is higher in the first case and rises with increasing the
gold content in modifying films, but in the limit of large
gold contents it is limited only by diffusion of hydrogen
peroxide species in the bathing solution. A simple theory
of such parallel electroreduction is proposed, which
appears to allow for quantitative treatment of the
obtained results.

Keywords Nanocomposite materials . Poly-3,4-
ethylenedioxythiophene . Conducting polymers . Gold
nanoparticles . Cyclic voltammetry . Rotating disk electrode

Introduction

Catalytic activity of metal nanoparticles and hybrid materials
containing such particles has attracted much attention during
the recent years due to possible applications of such objects in
electrocatalysis and sensor devices. Chemical or electrochem-
ical deposition of metal particles in conducting polymers,
particularly in poly-3,4-ethylenedioxythiophene (PEDOT)
films, is an appropriate way for synthesis of metal-
containing polymer materials.

A great number of papers has been devoted to studies of
metal-containing polymers, in particular those containing
gold nanoparticles, such as poly-3,4-ethylenedioxythiophene
[1–18], polyaniline [19–26], and polypyrrole [27–31]. In
most studies, the synthetic approach based on the metal
particles’ electroreduction in polymer films or formation of
such ones during syntheses from monomer-containing
solutions with addition of pre-synthesized metal nano-
particles was applied. A high catalytic activity of
dispersed gold particles deposited on different substrates
in relation to the oxygen and hydrogen peroxide electro-
reduction was reported in a series of papers [25, 32–41].
However, we were not able to find any studies of the
hydrogen peroxide electroreduction at PEDOT films with
inclusion of gold particles (PEDOT/Au). We have there-
fore undertaken the corresponding study in case of glassy
carbon (GC) electrode modified by PEDOT/Au film (GC/
PEDOT/Au electrode) immersed into phosphate buffer
solutions. This process was also chosen by us as a probe
reaction for evaluating the electrochemical properties of
PEDOT/Au films obtained at different conditions of their
synthesis. In particular, the effect of gold loading of
PEDOT films was studied in this work by measurements
of voltammetric curves of H2O2 electroreduction on
rotating disk electrode (RDE).
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Experimental

PEDOT films were synthesized by electrodeposition on
GC substrate under galvanostatic conditions at current
density value j=1 mA cm−2. The solutions used for the
deposition contained 0.05 M 3,4-ethylenedioxythiophene
(Aldrich), 0.5 M lithium perchlorate (LiClO4, Aldrich,
reagent grade) in acetonitrile purified cryogenically
(HPLC grade, Cryochrom, Russia, water content below
0.05%). An average thickness of the prepared PEDOT
films was about 0.3 μm, as was calculated based on the
polymerization charge. During such calculations we
assumed that the film density equaled 1 g cm−3 and 2.25
electrons are consumed on formation of one monomer unit
[42]. Fabrication of PEDOT/Au composite films was
performed by electroless deposition of gold from solution
of 5×10−3 M HAuCl4 in 0.1 M H2SO4 [9].

Potentiostat AUTOLAB PGSTAT-30 (ECO CHEMIE,
Netherlands) and rotating disk electrode VED-06 (Volta
Co. Ltd., Russia) were used for electrochemical measure-
ments. The potential sweep rates in CV measurements
were in the range of 10–50 mV s−1. Electrochemical
measurements were performed in a three-electrode glass
cell using GC disk electrode (S=0.07 cm2), platinum wire
as an auxiliary electrode, and saturated silver–silver
chloride electrode as a reference one. The GC disk
electrode was polished to a mirror finish using alumina
powder (0.05 μm) and then washed with deionized water
prior to use. Electrochemical quartz crystal microbalance
(EQCM) measurements were performed with QCM 100
Quartz Crystal Microbalance Analog Controller and
QCM25 Crystal Oscillator (SRS, USA).

The kinetics of the H2O2 electroreduction was studied in
phosphate buffer electrolytes, deaerated with argon at room
temperature (20±2°C). Morphology of the synthesized
PEDOT and PEDOT/Au films was characterized using
scanning electron microscopy (SEM; SUPRA 40VP, Carl
Zeiss, Germany) and transmission electron microscopy
(TEM; LIBRA 200FE, Carl Zeiss, Germany) methods.

Results and discussion

Synthesis and characterization of PEDOT/Au films

Syntheses of PEDOT/Au composite films were performed
by a two-step procedure consisting of the reduction of a
PEDOT film in supporting electrolyte solution (0.1 M
H2SO4) followed by its immersion into solution containing
chloride complexes of gold HAuCl4. As the standard
electrode potential of the couple Au(III)Cl4

−/Au(0) is equal
to 1.005 V [43], gold(III)-ions can act as an effective
oxidant. Interactions of these ions with reduced fragments

of PEDOT film cause their spontaneous oxidation and
formation of metal gold particles in the film. The fact of
gold particles’ deposition into PEDOT films with formation
of PEDOT/Au composite films was confirmed by means of
energy-dispersive X-ray analysis.

The amounts of metallic gold loaded into PEDOT film
were determined by EQCM measurements, as described
previously in [11]. For five loadings repeated consecu-
tively, the mass of the incorporated gold increased, as
shown in Table 1. It was found that, in case of not too
high gold loadings, such mass increases, Δm, were
almost proportional to duration t of exposition of a
PEDOT film in the solution of Au(III) of a specified
concentration. At higher loadings some deviations from
such proportionality between Δm and t occurred and the
corresponding mass values obtained at these conditions
were less reproducible.

Morphology of PEDOT/Au composites was studied by
SEM and TEM methods. The obtained SEM images show
that pristine PEDOT films have an inhomogeneous net-like
structure with a large amount of pores, the sizes of which
are in the range of 50–200 nm. After chemical deposition of
gold (from 5×10−3 M HAuCl4 solution, 30 s) into PEDOT
film, nano-sized agglomerates of gold particles were
observed on its surface as light-gray dots or spots
(Fig. 1). Sizes of isolated gold particles lay in the range
of 30–70 nm. A more precise estimation of the sizes of gold
particles deposited into PEDOT films and their distribution
within the films were performed by TEM. Figure 2 shows a
typical TEM image of a PEDOT/Au sample. An irregular
distribution of the particles of predominantly spherical
shape with the size in the range of 40–50 nm was observed
on the film surface. Agglomerates of gold particles similar
to those detected by SEM (Fig. 1) were also observed on
the polymer surface.

Previously we explained that in PEDOT/Pd films Pd-
clusters are mainly located close to polymer fibers [44].
This indirectly evidences that centers of primary metal
nucleation are located on polymer fibers, which we assume
is due to pre-interactions of metal ions with sulfur atoms of
thiophene rings. We believe that, in the case of PEDOT/Au
composite films, the same character of the gold particles’
inclusion into the films with a parallel nucleation of gold
particles in polymer pores accessible for gold(III)-ions takes

№ τ (s) Δm (μg·cm−2)

1 30 6.5

2 60 10.8

3 90 17.4

4 120 23.3

5 180 28.9

Table 1 Masses (Δm) of metal-
lic gold loaded into PEDOT
film at different loading
durations (t)
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place. However, both the obtained SEM- and TEM-images
do not give direct evidence in favor of three-dimensional
distribution of metal particles. We should also note that the
sizes of gold particles and their distributions obtained by
SEM and TEM methods for different samples of PEDOT/
Au composites synthesized under identical conditions are in
good agreement.

The images obtained for film samples with the increased
duration of gold loading into PEDOT (60 s) from solutions
of the same HAuCl4 concentration (5×10−3 M) manifested
appropriate increases of both the size of isolated gold
particles (70–80 nm) and the density of their distribution.
An increase of the number of agglomerates and formation
of larger aggregates (up to 200–300 nm) were also observed
in such conditions.

Electroreduction of hydrogen peroxide

Figure 3 shows typical voltammetric cathodic curves for
pristine PEDOT film (curve 1) and composite PEDOT/Au
film (curve 2) on rotating GC disk electrode in 0.2 M
phosphate buffer solution (PBS; pH=6.86), and also in PBS
containing 1·10−3 M hydrogen peroxide (curves 3 and 4).
Curve 5 of the figure will be discussed in more detail later;
for now we only indicate that it represents a partial
voltammetric curve of the hydrogen peroxide reduction on
Au particles.

As can be seen from Fig. 3, in the potential range
under investigation, no noticeable cathodic currents appear
on the background curve of PEDOT film (curve 1) in PBS
without additions of H2O2. At the same time, in the
presence of gold particles in PEDOT film (see curve 2), a
cathodic wave is observed at the electrode potentials in the
range of −0.8 to −1.0 V. This wave can be attributed to the
hydrogen electrogeneration on gold particles from water
molecules or other proton donors (protonated phosphate
ions). We will further consider this wave as a background
current independently of its origin.

In case of pristine PEDOT film, substantial cathodic
currents appear only after the addition of hydrogen
peroxide into PBS (curve 3), and they increase dramatically
in a composite film containing metallic gold (curve 4). It
follows from this data that the hydrogen peroxide reduction
on PEDOT/Au composite (Fig. 3, curve 4) runs not only on
the surface of gold particles, but also on the surface of
pristine PEDOT-modified GC electrode, although the rate of
the latter process is somewhat lesser than that of the former
(compare curves 3 and 4).
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Fig. 3 RDE voltammetry curves of GC/PEDOT electrode in solution
of PBS in the absence (1) and presence (3) of 0.001 M H2O2 and those
of GC/PEDOT/Au electrode in PBS solution in the absence (2) and
presence (4) of 0.001 M H2O2 (substrate—GC disk of 0.07 cm2, f=
2,500 rpm, scan rate 10 mV s−1). Duration of gold loading from
solution of 1×10−3M HAuCl4+0.1 M H2SO4 is 60 s

Fig. 2 Typical TEM image of composite PEDOT/Au film. Time of
gold loading from a 5×10−3 M HAuCl4+0.1 M H2SO4 solution was
equal to 30 s

Fig. 1 Typical SEM image of composite PEDOT/Au film. Time of
gold loading from a 5×10−3 M HAuCl4+0.1 M H2SO4 solution was
equal to 30s
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The limiting cathodic current of the hydrogen peroxide
reduction in case of composite PEDOT/Au film with the
total amount of gold equal to 10.8 μg was approximately
two to three times greater than that of the GC/PEDOT
electrode in the same solution. We should also indicate that
the wave of the hydrogen peroxide reduction on PEDOT/
Au film noticeably shifted to more positive potentials in
comparison with pristine PEDOT film. In particular, the
half-wave potential of the H2O2 reduction on PEDOT/Au
film equals −570 mV; that is about 200 mV more positive
than that of pristine PEDOT film at the same conditions.
Thus, the obtained results point out a significant increase of
the rate of the H2O2 reduction in the presence of
incorporated particles of dispersed gold, and, probably,
electrocatalytic properties of gold particles with respect
to the process under our study. As to the H2O2 reduction
on pristine PEDOT films (and the PEDOT/Au film surface
free of gold clusters), we can only indicate here that the
observed limiting current of this process (see curve 3 of
Fig. 3) does not result from a slow electron transfer
through the film volume, since values of such current
occur proportional to the hydrogen peroxide concentration
in the bathing electrolyte. Now, it is not clear why the
reduction proceeds at so negative electrode potentials and
the reasons determining its appearance require additional
studies (see Appendix).

Figure 4 represents total voltammograms of the H2O2

reduction on a rotating disk GC/PEDOT/Au electrode in
0.2 M PBS at different H2O2 concentrations (5×10−4–5×
10−3 M). An increase of the H2O2 concentration in the
bathing solution causes a rise of the total limiting current
related to the H2O2 electroreduction. This limiting current is
almost proportional to the H2O2 concentration, since its

value extrapolated on the zero concentration of H2O2 is also
close to zero (see insert to Fig. 4). This allows one to think
that, at short times of gold deposition (deposition duration
60 s), the contribution of the currents related to the
hydrogen generation on gold particles (i.e., the background
currents mentioned above) is rather small and can hardly be
taken into account, when the total limiting current is
discussed. However, if the amount of gold deposited into
PEDOT film is increased, the contribution of such process
to the measured current might rise significantly, as will be
shown below.

We studied the influence of gold loading into PEDOT
polymer matrix on the cathodic wave of the hydrogen
peroxide reduction. The time of gold deposition from a
1×10−3 M HAuCl4 solution was in the range of 60–720 s.
Each time, a new PEDOT film synthesized under standard
conditions was used. Voltammetric curves of the synthe-
sized PEDOT/Au films with different Au loadings are
represented in Fig. 5 for the case of a 0.2 MPBS solution
with addition of 1×10−3 M H2O2. An increase of the
amount of gold loaded into the films led to a shift of the
half-wave potential of the overall cathodic wave to more
positive values and its gradual splitting into two waves
(Fig. 5). These facts point to some acceleration of the
hydrogen peroxide reduction, which in the case of large
amounts of gold proceeds predominantly on gold par-
ticles. It is also seen that the H2O2 reduction wave is well-
separated from the second wave of the hydrogen
generation on gold particles. Such a separation also
reveals an increased contribution of the last process
(hydrogen generation from proton-donor species) in these
conditions.
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Fig. 4 RDE voltammetry curves for the hydrogen peroxide reduction
on composite PEDOT/Au film in PBS solution at different concen-
trations of H2O2, M: 1 0, 2 0.5×10−3, 3 1×10−3, 4 2×10−3, 5 3×10−3,
6 4×10−3, 7 5×10−3 (substrate—GC disk of 0.07 cm2, f=2,500 rpm,
scan rate 10 mV s−1, duration of gold loading—60 s). On the inset:
calibration plot Ilim vs. C(H2O2)
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Fig. 5 RDE voltammetry curves for the hydrogen peroxide reduction
on composite PEDOT/Au film in PBS solution plus 1×10−3 M H2O2.
Durations (s) of gold loading from solution of 1×10−3M HAuCl4+
0.1 M H2SO4 are as follows: 1 60, 2 150, 3 240, 4 720
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As the first approximation, additivity and indepen-
dence of currents of the above parallel electrode
processes can be assumed, which allows one to estimate
partial currents of the hydrogen peroxide reduction on
gold particles. A concrete way of such estimation can be
explained with the help of data given in Fig. 3, where
experimental voltammetric curves are represented for both
a composite (PEDOT/Au) film and a pristine (PEDOT)
one in the presence of H2O2, as well as a background
curve of the same composite film in the absence of H2O2.
To obtain a partial voltammogram of the H2O2 reduction
on gold particles (curve 5 of Fig. 3), currents
corresponding to the hydrogen generation on gold par-
ticles (curve 3 of Fig. 3) and those of the H2O2 reduction
on the surface of the pristine film (curve 2 of Fig. 3) were
subtracted from the registered total currents (curve 4 of
Fig. 3).

Here, we ought to point out some restrictions of similar
estimations. It should be clear that, in case of composite
films, such estimations presume the occupancy of the polymer
surface with gold particles to be small. Indeed, the rate of the
hydrogen peroxide reduction on the free polymer surface
should not change significantly under transition from a
pristine film to a composite one, assuming that the film/
solution interface of the composite film is not practically
occupied with metal particles. This condition is obviously
fulfilled only at low duration t of gold’s loading into the
films. However, the proposed estimation seems to be right
for all the durations used, at least in the first approximation,
if the region of relatively low total currents is analyzed by
the indicated mean. Indeed, in the range of total currents
being relatively far from their limiting values, the rate of the
H2O2 reduction on the free polymer surface is substantially
lower than that of the same process on the surface of gold
clusters due to the indicated great difference in the half-wave
potentials of these processes (see above). The same
premise applies to the contribution of currents resulting
from the hydrogen generation (from proton-donor spe-
cies) on gold clusters. As regards the currents close to
the limiting values, the errors introduced with the above
subtraction procedure might substantially decrease the
determined partial rate of the H2O2 reduction on gold
clusters in the general case of comparable free and
occupied film surfaces. Such a decrease should result
from the evident fact that the same species are consumed
in the parallel processes considered (hydrogen peroxide
species and hydrogen ions). It is clear that, in the case of
the simultaneous occurrence of all the processes, the
surface concentrations of these particles must be smaller
than those corresponding to a separate process, the closer
the total currents are to their limiting values. Taking these
circumstances into account, let us discuss the results
obtained using the above approximation.

Calculated partial voltammetric curves of the H2O2

reduction on gold particles of PEDOT/Au films are shown
in Fig. 6 for different amounts of loaded gold. As it is
seen, small current maxima arise on such partial voltam-
mograms at high gold loadings (see Fig. 6, curve 5 and
especially curve 6). This most likely results from the fact
that, during the used subtraction of background currents
(hydrogen peroxide reduction on the pristine films and
hydrogen generation (in the absence of H2O2) on com-
posite ones), we did not account for the indicated
decreases of such currents at the simultaneous proceeding
of all the processes. One can also see, that at long
durations of gold loading, partial voltammograms appear
practically to be coinciding and their half-wave potential
becomes close to that of the H2O2 electroreduction on a
polycrystalline gold electrode (about −0.53 V).

Based on the partial curves of Fig. 6, the Tafel plots of E
vs log[ j/( jd– j)] corrected for a mass transfer were
constructed for the hydrogen peroxide reduction on the
gold particles’ surface of composite films (see Fig. 7). As
one would expect from what has been said above, linear
parts of these semi-logarithmic dependences are observed
in the main range of the electrode potentials, where the
calculated currents are not close to the determined limiting
current values. Tafel slope values bk of linear parts of all the
curves were in the range of 0.21–0.24 V/dec. From the
obtained slopes (bk=2.303RT/α

/F), the apparent transfer
coefficient of the cathodic process in question was
estimated as quantity α′=0.24–0.28.

The half-wave potentials for the partial waves of the
hydrogen peroxide reduction on gold particles obtained
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Fig. 6 Partial RDE voltammetry curves for the hydrogen peroxide
reduction on Au particles in PBS solution plus 1×10−3 M H2O2.
Durations (s) of gold loading from solution of 1×10−3M HAuCl4+
0.1 M H2SO4 are as follows: 1 60, 2 150, 3 240, 4 330, 5 560, 6 720.
Curve 7 corresponds to the hydrogen peroxide reduction on a
polycrystalline gold electrode in the same solution
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from the dependencies of Fig. 7 are sufficiently close: the
values of such potentials observed in case of large duration
t of gold deposition are in the range of −0.54 to −0.60 V. A
more substantial deviation of the half-wave potential from
the above values is observed only at a short time of gold
deposition (60 s). This might be explained by errors in
calculations in cases of comparable contributions of the
rates of the hydrogen peroxide reduction on gold particles
(PEDOT/Au) and the hydrogen evolution on the same
electrode in the absence of H2O2.

In the case of a polycrystalline gold electrode (Fig. 7)
slope bk of the linear part of the E[log( j/( jd – j))]-
dependence occurs equal to 0.23 V/dec, i.e. it is close to
that obtained for the hydrogen peroxide electroreduction on
gold particles of PEDOT films. As a consequence, the
apparent transfer coefficient value α′=0.26 appears to be
practically the same, as that was calculated for the case of
gold clusters of the composite films.

Figure 8 shows the limiting current values of the H2O2

reduction in function of duration τ of gold deposition into
PEDOT films. As it is seen from Fig. 8, at relatively short
deposition durations, limiting currents increase in propor-
tion to the amount of gold deposited into PEDOT.
However, with the further increase of such durations, the
limiting currents asymptotically tend to some constant
value. Such maximum value is reached at the gold
deposition time being in the range of 540–720 s. The
observed phenomenon evidently results from a gradual
transition from a small active surface of gold particles
acting as separate microelectrodes at their low contents in
PEDOT films to the conditions of mass-transfer of
reacting particles within the bathing electrolyte when
increasing the amount of gold in the composite film [45].

If this is the case, the estimated maximum current density
should satisfy the Levich equation:

Id ¼ �zFDCO
0=dðwÞ ¼ �0:62zFD2=3n�1=6w1=2C0 ð1Þ

Here, D, ν, and w are the diffusion coefficient of tested
particles (here, hydrogen peroxide ones), the kinematic
viscosity of the used solution, and the angular rotating
velocity (w=2πf, where f, the frequency of rotation, rpm),
respectively; C0, the volume concentration of tested
particles; z (here, z=2) and F, the number of electrons
transferred in an elementary act and the Faraday number,
correspondingly. Using the limiting current values
achieved at large durations of gold deposition (540–
720 s), we constructed the dependence of such currents
on the square root of rotating velocity. The dependence
occurs to be strictly proportional to w1/2 which means
that the Levich equation is fulfilled, at least in respect to
the angular velocity (see also further text concerning
curve 1 of Fig. 9). At the same time, the diffusion
coefficient of H2O2 calculated for different rotation rates
was equal to 1.1×10−5 cm2 s−1, which is in agreement
with the data published in [38]. Thus, in the presence of
large amounts of gold in PEDOT/Au films, the H2O2

transport to the visible electrode surface is actually
limited by diffusion of hydrogen peroxide particles in
the adjacent electrolyte.

It also occurs that the calculated limiting currents of the
H2O2 reduction depend on the rotating velocity even if the
gold deposition times are so short (for example, 60 s), that
the maximum limiting current is not achieved at such
conditions. Quantitative features of such a dependence are
revealed in a more explicit form if one uses the Koutecky–
Levich coordinates of 1 I tð Þ

d

.
vs w−1/2, where I tð Þ

d is the total
limiting current recorded at the gold deposition time equal
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d as a function of duration t of gold

loading

-1.0 -0.5 0.0 0.5 1.0
-0.1

-0.2

-0.3

-0.4

-0.5

-0.6

-0.7

-0.8

7
2-5

6

1
E

 / 
V

log(j/(jd-j)) (j / mA cm-2)

Fig. 7 Mass-transfer corrected Tafel plots for the hydrogen peroxide
reduction on Au particles in PBS solution plus 1×10−3 M H2O2 at
different durations of gold loading, s: 1 60, 2 150, 3 240, 4 330, 5 560,
6 720. Curve 7 corresponds to the polycrystalline gold electrode
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to t (see curve 2 of Fig. 9 and legend to it). As it is seen,
these dependences appear to be linear and their initial
segments (i.e., values of 1 I tð Þ

d

.
extrapolated on w=∞)

substantially deviate from the origin of coordinates at
short durations t. However, they tend to zero at large
durations t, i.e., the limit that corresponds to the diffusion
limiting current strictly proportional to w1/2, as indicated
above. One can assume those extrapolated values to be
some kinetic components of the current, which are
independent of the rotation velocity. However, this
supposition does not reply on the evident question: “what
is the nature or an origin of such components?” The
simplest consideration given in the Appendix to this paper
allows one to get the desired answer.

By referring the readers to the Appendix, we should
note here that the simultaneous H2O2 reduction on both
the surface of the gold clusters and the composite film free
of the clusters is accounted for in a more exact manner in
the Appendix than the subtraction procedure used above.
In particular, it is shown there that the total limiting
current of both processes (i.e., the measured limiting
current, 2FI(l), in the notations of the Appendix), if one
ignores its relatively small constituent resulting from the
hydrogen generation on gold clusters, should satisfy
Eq. A.16, namely

� 1

2FI ðlÞ
¼ 1

2FC0 pD
Pm
i¼1

nigiri þ rCx 1ð Þ A� pΣ2ð Þ
� �

þ d
2FC0DA0

ð2Þ

At the same time, the partial rate of the H2O2 reduction
on the gold clusters’ surface (−1/2FJf(l) in the same
notations) is as follows (see also Eq. A.15)

� 1

2FJ ðlÞf

¼ 1

2FpDC0
Pm
i¼1

nigiri

þ d
2FC0DA0

�
1Þ 1þ rCx 1ð Þ A� pΣ2ð Þ

pD
Pm
i¼1

nigiri

2
664

3
775

ð3Þ

Here, pΣ2 ¼ p
Pm
i¼1

nis ir2i is the surface occupied by

metal clusters of different radii ri on the film/solution
interface of total area A; ni and σi are the number of clusters
of the ith kind (i.e. clusters having the radii equal to ri) and
the factor characterizing a partial immersion of the ith
clusters into the film, respectively; gi is a factor of such
value, that product pgir

2
i represents the ith cluster’s surface

not immersed into the film and, hence, accessible to
hydrogen peroxide species; A0, the visible surface of the
film; ρ, the heterogeneous rate constant of the H2O2

reduction on the film surface free of metal clusters; Cx(∞)
is an empirical factor that should be introduced to account
for the existence of limiting currents of the above reaction
(for details see Appendix).

A few words should be said here to comment the
physical meaning of the above equations of the Koutecky–
Levich type. As was in essence mentioned earlier, the
observed rise of the limiting currents with increasing the
gold content in modifying PEDOT films results from the
gradual transition from separate gold microelectrodes,
which act independently in the limit of a small gold
content, to their functioning at the conditions when
diffusion layers surrounding separate gold clusters com-
pletely overlap each other. The hydrogen peroxide amounts
consumed in the last case must obviously be greater than
those of the first limit (one can imagine that only one
cluster exists in such limit). This means an apparent
acceleration of the electroreduction process, though its
rate on separate clusters in reality lowers (with increas-
ing their total number) due to relevant decreases of
surface concentration C(0) of tested particles (see
Appendix). In other words, the limiting currents at
intermediate gold contents can be increased account for
intensive convection up to their values given by the
denominators of the first terms of the right parts of Eqs. 2
and 3, which corresponds to the case of C(0)=C0. These
peculiarities of the electroreduction are reflected by the
above equations. Their concrete forms are rather compli-
cated as compared to the traditional one, since the H2O2

electroreduction proceeds simultaneously on the film
surface and the gold clusters one.
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Fig. 9 Koutecky–Levich plots of 1=I tð Þ
d vs. w−1/2 for the hydrogen

peroxide reduction on composite PEDOT/Au film in PBS solution plus
1×10−3 M H2O2 at different durations of gold loading from solution of
1×10−3 M HAuCl4, s: 1 720, 2 60 (partial currents), 3 60. Curve 2
represents partial limiting currents of H2O2 reduction on gold particles
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From the Koutecky–Levich representations of the total
and partial limiting currents given above (i.e., Eqs. 2 and 3,
correspondingly), it can be deduced that both the intercepts
and the slopes (with respect to w−1/2) of these dependences
should be different. The intercept of the reverse partial
current (�1=2FJ ð1Þf ) is nothing else but the reverse sum
over all limiting currents 2FπDC0nigiri to all the ith clusters
possessing surfaces pgir

2
i , which are accessible to hydrogen

peroxide particles. As to the reverse total current, its
intercept is also a reverse sum that, beside the sum defined
previously, includes maximum current 2FρCx(∞)
C0(A–π∑2) of the H2O2 reduction on film surface
(A–π∑2) free of metal clusters. One can also see from the
discussed equations that slope d �1=2FJ ð1Þf

� �
=d w�1=2
� �

must exceed slope d(−1/2FI(l))/d(w−1/2) of the reverse total

current by 1þ rCx 1ð Þ A�pΣ2ð Þ
pD
Pm
i¼1

nigiri

2
64

3
75 times, i.e., their difference

should be the greater the higher the contribution of the
H2O2 reduction on the polymer surface free of metal
clusters to the total current. At the same time, the above
slope of the reverse total current should be the same as that
which occurs for the reverse diffusion limiting current:

d �1=2FI ðlÞ
� �

=d w�1=2
� �

� d �1=2FIdð Þ=d w�1=2
� �

¼ 1:61D�1=3n 1=6C0
�1 ð4Þ

The peculiarities of the discussed dependences can be
used to test whether the approach applied in this work is
valid. To do this at the present state of the research, one
should evidently equate the experimental values of the
limiting partial and total currents to currents 2FJ ð1Þf and
2FI(l), respectively. The corresponding results are repre-
sented in Fig. 9 (see legend to the figure). As it is seen, the
slope of the dependence of the reverse partial current on
w−1/2 (curve 3) actually exceeds that of the reverse total
current (curve 2). At the same time, the slope of curve 2 has
practically the same value as the value inherent to curve 1,
which corresponds to the limiting currents achieved at large
durations τ of gold loading. As established earlier, the last
current values satisfy the Levich equation. We can therefore
say that the second requirement of the theory, namely Eq. 4,
is fulfilled. Finally, it should be pointed out that the
intercept of curve 1 is greater than that of curve 2 and
their ratio is close to the observed ratio of the slopes of
these curves. Such type of correlation between the
compared parameters must be observed according to Eqs.
(2, 3) and, hence, the obtained experimental results are in
accord with the main theoretical consequences.

One could use more general Eqs. A.12, A.13, and A.14
of the Appendix to estimate rate constants ki and ρ, but we
consider such attempts to be premature. Indeed, the above

partial currents were determined only in the first approxi-
mation. Their more exact estimations are possible but need
additional studies (see Appendix). We therefore plan to
perform a more detailed comparison between experimental
and theoretical results in the future.

Conclusion

It is established that the hydrogen peroxide electroreduction
on composite PEDOT/Au films takes place not only at the
gold clusters’ surface but also the film surface free of metal
inclusions. Division of the measured currents of the total
reduction into its constituents related to the partial
processes is performed in the first approximation, namely
assuming their additivity and independence. This supposi-
tion is in a great extent justified by the fact that the H2O2

reduction on gold clusters begins at the electrode potentials,
being more positive (about 0.2 V), than those
corresponding to the reduction on the film surface free of
clusters. Such a division shows the absence of a significant
catalytic activity (with respect to the reaction under
consideration) of gold clusters as compared to polycrystal-
line gold electrodes. The rate of the observed parallel
electroreduction occurs dependent on the amount of gold
loaded into the films. It is shown that the changes of the
total and partial limiting currents obtained at varying
rotation velocity and gold loadings of PEDOT/Au modified
RDE are in accord with theoretical predictions based on
quantitative simulations of the process in question.
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Appendix

We shall, in essence, use here the approach of Ref. [45]
devoted to quantitative simulations of charge transfer
processes in conducting polymer films containing metal
clusters of small radii. As it was done in the cited paper, we
firstly remind the readers that, in the case of micro-
electrodes settled far apart, the following radial distribution
of particles participating in an electrode reaction on the
surface of a separate cluster is valid:

CiðrÞ ¼ r2i ji=Dr þ C0 ðA:1Þ

Here, Ci(r) is a local concentration of such particles at
distance r from the center of the spherical cluster
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considered; ri, the cluster radius; ji ¼ �DdCiðrÞ=drjr i is the
flow of tested particles (here, hydrogen peroxide ones) per
unit surface of the cluster; symbol dCi(r)/dr|ri is assigned to
the value of the radial derivative at r = ri; C0, the bulk
concentration of tested particles in the medium surrounding
the clusters. Assuming an electrode reaction (not obligatory
the considered electroreduction of hydrogen peroxide par-
ticles) is irreversible and satisfying the first order kinetics,
one can apply the usual expression for flux ji, namely

ji ¼ �kiðEÞCi rið Þ; ðA:2Þ

where ki(E) is the rate constant dependent of electrode
potential E. As it follows from Eqs. (A.1 and A.2), flux ji can
be written in two forms:

ji ¼ �D C0 � Ci rið Þ½ �=ri and ji ¼ �kiðEÞC0= 1þ kiðEÞri=D½ �
ðA:3Þ

From the first equation it is clear that radius ri plays the
role of the diffusion layer surrounding the cluster of such
radius. As one could see, the radii of gold clusters
determined above (see part 3.1) do not exceed 100 nm, i.
e. they are much smaller than diffusion layer thickness δ=
1.61D1/3ν1/6w−1/2≥10−3 cm at rotating velocities ω used in
this work. This, in essence, means that the surface
concentration of tested particles near the electrode used, C
(0), should replace bulk concentration C0 in the above
equations. Indeed, gradients dCi(r)/dr near the ith clusters
(i.e. clusters having the radius equal to ri) must turn to zero
at distances r>2ri; i.e. concentration C(0) should, actually,
be considered as the bulk concentration for the medium
surrounding the ith clusters. If so, the total flow of tested
particles, Jf, summarized over surfaces nigiπri

2 of all the
clusters, where gi≤4 is a part of the ith clusters’ surface
accessible to tested particles (in the meaning of proceeding
their electrochemical reaction) and ni is the number of
clusters of the ith kind on the film/solution interface, can be
written as follows

Jf ¼ �pCð0Þ
Xm
i¼1

nigir
2
i kiðEÞ

1þ kiðEÞri
D

; ðA:4Þ

where m is the total number of different (ith) kinds of
clusters, i.e., clusters having different values ri of their radii.
Let us assume that tested particles react also with either
reduced (as in the case of the reaction H2O2+2e→2OH−)
or oxidized film fragments of concentration Cx(E), and total
flow If of such a process to the film surface free of the
included metal clusters is given by the equation

If ¼ �rCð0ÞCxðEÞ A� p
Xm
i¼1

nis iri
2

 !
ðA:5Þ

Here, A is the above mentioned total surface of the film/
solution interface; niσiπri

2 is the surface occupied by
clusters of the ith kind at the same interface; ρ is the rate
constant that might in principle be dependent on the
electrode potential.

Here, we must do some premise concerning peculiarities of
pristine PEDOT films used in this work. At high negative
potentials (−0.4 V>E>−1.1 V) corresponding to the hydro-
gen peroxide electroreduction, these films should be in a
non-conducting state. The latter obviously corresponds to a
neutral form of all the fragments of polythiophene chains of
the film, which in particular means that concentration Cx(E)
should be practically constant at these conditions. At least in
scope of the so-called homogeneous film model [46], this
means that, within the indicated range of E, the electric
potential of the film/solution interface should be independent
of the electrode potential. In other words, one can put
heterogeneous rate constant ρ of the H2O2 reduction on the
PEDOT film/solution interface to be some constant and,
hence, consider the rate of the process as an unchanged
quantity at the indicated potential values. Meanwhile,
substantial changes in this rate are observed in the electrode
potential range from −0.4 V up to −0.9 V (see curve 3 of
Fig. 3). Now, it remains unclear what factors are responsible
for the observed phenomenon, which obviously needs the
further research. We will therefore define quantity Cx(E) as a
factor, the value of which tends to constant Cx(∞) in the limit
of high negative potentials E, as it takes place in reality.

The total flow of tested particles to the modified
electrode in question, I, should satisfy the mass conserva-
tion condition:

I ¼ Jf þ If ¼ �DA0 C0 � Cð0Þ½ �=d ðA:6Þ
The latter gives the evident expression for concentration

C(0)

Cð0Þ ¼ C0 1� Jf þ Ifð Þ=Id½ �; ðA:7Þ
where Id=−0.62A0D2/3ν−1/6ω1/2 C0 is the limiting diffusion
flow to the rotating disk electrode, the visible surface of which
equals A0≤A. Substituting Eqs. A.7 into Eqs. A.4 and A.5
leads to a system of linear algebraic equations with respect to
functions Jf and If unknown so far. Solving such system, one
can obtain the folowing expressions for these flows:

Jf ¼ �pC0Σ1 1þ d
DA0

pΣ1 þ rCxðEÞ A� pΣ2ð Þð Þ
� 	�1

ðA:8Þ

If ¼ �rC0CxðEÞ
A� pΣ2ð Þ 1þ d

DA0
pΣ1 þ rCxðEÞ A� pΣ2ð Þð Þ

� 	�1

;

ðA:9Þ
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where

X
1
¼
Xm
i¼1

nigir
2
i kiðEÞ

1þ kiðEÞri
D

;
X

2
¼
Xm
i¼1

nis iri
2 ðA:10Þ

As to total flow I ¼ Jf þ If, the corresponding expression
is as follows

I ¼ � pC0Σ1 þ rC0CxðEÞ A� pΣ2ð Þ
1þ d

DA0
pΣ1rCxðEÞ A� pΣ2ð Þð Þ ðA:11Þ

From the expressions derived above, a series of conclu-
sions can be extracted. First, as mentioned earlier (see part
3.2), flow If (in the paper context, the rate of the hydrogen
peroxide electroreduction on the film/solution interface free
of metal clusters) must differ from flow If

0 of these species to
the pristine film. Indeed, such flow should be equal to:

I0f ¼ �rC0CxðEÞA 1þ drCxðEÞA=DA0f g�1; ðA:9′Þ
as it follows from Eqs. A.9 at ∑1=∑2=0, which is the
evident condition of the absence of metal clusters. This
means that the performed subtraction of flow If

0 from total
flow I (see part 3.2) actually leads to some inaccuracy of
such determinations of partial flow Jf to the surface of metal
clusters. It is obvious that the error resulting from such
subtraction should be at its maximum when the total flow I
is close to its limiting values Ilim(t) dependent on gold
loading duration t, as shown above. This, obviously, implies
that limiting values Jlim(t) of flows J

ðsÞ
f determined at such

subtraction are smaller than those, which take place in
reality. Such decreases of Jlim(t) (as compared to real flows)
should lead to noticeable deviations of semi-logarithmic
dependences of log{J sð Þ

f = Jlim tð Þ � J sð Þ
f

h i
} vs E from linear

ones in the range of flows J ðsÞf comparable with Jlim(t), i.e.
the phenomenon observed in reality (see Fig. 7). As to
smaller flows J ðsÞf , the corresponding errors and, hence, the
above deviations from linearity should practically be
insignificant, since the wave of the hydrogen peroxide
reduction on the film/solution interface is settled at signif-
icantly more negative potentials (about 0.2 V, see the main
text) than the wave of the same process on the metal
clusters’ surface. This was the main reason, why we have
used the discussed subtraction procedure in this work.

To elucidate other conclusions followed from the above
derivations, one should use the Koutecky–Levich represen-
tation of the flows in question:

� 1

Jf
¼ 1

pC0Σ1
þ d

DA0C0
1þ rCxðEÞ A� pΣ2ð Þ

pΣ1

� 	
ðA:12Þ

� 1

If
¼ 1

rCxðEÞC0 A� pΣ2ð Þ þ
d

DA0C0
1þ pΣ1

rCxðEÞ A� pΣ2ð Þ
� 	

ðA:13Þ

� 1

I
¼ 1

C0 rCxðEÞ A� pΣ2ð Þ þ pΣ1ð Þ þ
d

DA0C0
ðA:14Þ

As one can see, only slope d(−1/I)/dw−1/2)│E = Const

must coincide with that of the dependence of −1/Id as a
function of w−1/2, where Id is the limiting diffusion flow to
RDE. Such slopes of the dependences given by Eqs. A.12
and A.13 should exceed the above mentioned (d(−1/I)/d
(w−1/2)) by [1+ρCx(E)(A–π∑2)/π∑1] and [1+π∑1/ρCx(E)
(A–π∑2)] times, correspondingly. It is also seen that the
intercepts of all the dependences are different. If, in the case
of Eqs. A.12 and A.13, they are determined by values of the
corresponding partial flows (without introduced mass-
transfer corrections), in case of total flow I (i.e.,
Eqs. A.14) the intercept is reversed in proportion to the
sum of such flows.

Turning finally to the case of limiting flows, we indicate
that, at high │E│, factor Cx(E) should take some maximum
value Cx(∞; see above). In the same limit, terms
nigir

2
i kiðEÞ= 1þ kiðEÞri=D½ � of sum ∑1 must obviously tend

to Dnigiri, since kiðEÞ ¼ k0i exp �aFE=RTð Þ, where transfer
coefficient α is about 0.24, as was established (see part
3.2). Taking these indications into account, one obtains the
following expressions for reverse limiting flows 1=J ð1Þf

and 1/I(l):

� 1

J ðlÞf

¼ 1

pDC0
Pm
i¼1

nigiri

þ d
DA0C0

1þ rCx 1ð Þ A� pΣ2ð Þ
pD
Pm
i¼1

nigiri

0
BB@

1
CCA

ðA:15Þ

� 1

I ðlÞ
¼ 1

C0 pD
Pm
i¼1

nigiri þ rCx 1ð Þ A� pΣ2ð Þ
� 	 þ d

DA0C0

ðA:16Þ
It remains to add that in the limit of large durations of

gold loading, one can consider numbers ni to be of so great
values, that the intercepts of the above dependences
become equal to zero. The same concerns the ratio of
ρCx(∞)(A–π∑2)/πD∑niγiri. Thus, in this limit, both flows
should tend to the limiting diffusion flow, as observed in
reality. Ignoring the mentioned errors in our experimental
determinations of flows Jf and I (see the main text), we used
the above equations to treat the experimental results.
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