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1. Introduction

Organic polymers are traditionally considered as insulating
materials and, in this role, their conductivity is obviously
undesired. However, attempts to develop polymer materials
with high electrical conductivity have been undertaken for a
long time. For this purpose, polymers were proposed to be
mixed with conducting fillers, for instance, powders and
fibres of metals or various carbon materials.

The discovery by Shirakawa!-2 of the possibility of
sharply enhance the electronic conductivity of iodine-
doped polyethylene made in the late 1970s gave a powerful
impetus to the development of studies in the field of
conducting polymers. This discovery stimulated the active
studies of properties of a new class of compounds, electroni-
cally conducting organic polymers with conjugated bonds.
The rapid development of the electrochemistry of conduct-
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ing organic polymers traces back to the first electrochemical
synthesis of polypyrrole? and, later, polyaniline# and other
polymers. The Nobel Prize of 2000 in chemistry was given
to A Heeger, A MacDiarmid and H Shirakawa for their
great contribution to the studies of conducting organic
polymers with conjugated bonds.

In the conducting polymers, it is macromolecules them-
selves and their compositions with other compounds that
conduct electricity. For conducting polymers with conju-
gated m-bonds, a special name was invented: intrinsically
conducting polymers (ICPs), which was later shortened to
conducting polymers. In the modern English-language liter-
ature the term ‘conducting polymers’ is also widely used for
an absolutely different class of materials, polymer electro-
lytes, i.e., polymers with high ionic conductivity. In con-
nection with this, it deserves mention that the objects
considered in this review pertain only to conducting organic
polymers with conjugated m-bonds.

The keen interest in such polymers is associated first of
all with their high electronic conductivity (up to
103 S cm—1), close to that of metals. For this very reason,
the class of conducting organic polymers was named ‘syn-
thetic metals’ and even a journal with the same name,
Synthetic Metals which publishes results of investigations
in this field was initiated in 1979. However, it deserves
mention that conducting organic polymers are not always
good conductors; in their neutral state, they usually behave
as poorly conducting materials. The conductivity of
p-doped polymers can vary in a very wide range.

The materials under consideration were actively and
widely studied so that a special line of research in electro-
chemistry appeared, namely, the electrochemistry of con-
ducting polymers with conjugated bonds. The results of



V V Kondratiev, V'V Malev, S N Eliseeva Russ. Chem. Rev. 85 (1) 14—37 (2016) 15

these studies were summarized in several reviews and
monographs (e.g., see Refs 5—22). Recently, this area was
considerably extended due to the development of composite
electrode materials with incorporated metal or carbon
nanostructures, containing also organic or inorganic modi-
fiers (see, for example, Refs 23 —-31).

The steady interest in studying the properties of con-
ducting polymers and their composites is stimulated by
numerous practical applications of these materials in vari-
ous fields such as electrocatalysis, development of electro-
chemical sensors and biosensors, molecular electronics,
development of electroluminescent and electrochromic devi-
ces, solar cells, chemical power sources, corrosion protec-
tion of metals.> 1922730 The quest for new electrode
materials meeting the requirements of practice favoured
the production of conducting polymer—metal composite
electrode materials based on the polymers that serve as the
conducting matrices for bulk-incorporated micro- and
nanosized metal structures. The interest in the development
of these hybrid organic-inorganic materials is explained by
the advantages of nanostructuring and formation of the
highly dispersed state of metals within a conducting matrix
and also by appearance of new new functional character-
istics of materials. Conducting polymer—metal nanocom-
posites form a promising class of electrode materials which
combine the electrocatalytic properties of metal nanopar-
ticles (NP) and conducting polymers.

Among the most important groups of conducting
organic polymers are those based on aromatic amines,
namely, polyaniline (PANI) and its derivatives, poly(o-
aminophenol) and poly(o-phenylenediamine), polymers
based on unsubstituted and substituted five-membered
heterocyclic compounds, namely, polythiophenes (PT)
including substituted polythiophenes such as polymethylth-
iophene (PMT), poly(3,4-ethylenedioxythiophene)
(PEDOT), polypyrrole (PPY), and also on other organic
polymers containing systems of conjugated bonds, for
instance, polycarbazole and polyphenylenevinylene.
Table 1 shows the values of conductivity for some conduct-
ing polymers in their p-doped state.

A characteristic feature of conducting polymers is the
ability to undergo reversible redox transformations which
involve also the so-called dopant species, i.e., charge-com-
pensating ions. Such transformations induce drastic
changes in the polymer conductivity from its values typical
of the well-conducting quasimetallic state to the values
typical of the semiconducting state.

A breakthrough in understanding of the mechanism of
charge-transfer processes in conducting polymers was made
resorting to the polaron-bipolaron concept of conduc-
tion.32-3% The concept of polaron borrowed from con-
densed-state physics was applied to conducting organic
polymers, where polaron was defined as a charged quasi-
particle. At present, the polaron theory of conduction is
widely accepted as the main model explaining the electronic
conduction of polymers with conjugated bonds. According
to this theory, the electronic conduction is provided by
motion of polarons and bipolarons along polymer chains
under the action of electric field via reorganization of
double and single bonds and also due to jumps of electrons
between the chains.

The electrochemically active fragment in a conducting
polymer is a double bond the electrons of which can be
eliminated rather easily upon polymer oxidation. In the
initial state, this yields a radical cation. The existence of

Table 1. Examples of conducting polymers.

Polymer Structural formula of polymer fragment Conduc-
tivity
/S cm—!
Poly- 10*
acetylene
Poly- 103
thiophene
Poly-3-
alkyl- 102
thiophene
(R = Alk)
Poly-3,4-
ethylene-
dioxy- 3% 102
thiophene

Polyani- H H 102
line N A

Poly- 103

pyrrole

unpaired electrons in conducting polymer films was con-
firmed experimentally by electron paramagnetic resonance
spectroscopy.3’-3% The elimination of electrons immediately
leads to delocalization of orbitals in the charged polymer
(within several, usually three to six monomer units), which
sharply decreases the energy of the final oxidized polymer.
This induces structural deformation of this polymer seg-
ment and polarization of the environment (which justifies
the use of the name ‘polaron’ for the chain fragment with
radical cation). Environment polarization and interaction
with counter-ions stabilize the radical cation. The polaron
chain fragment can undergo further oxidation giving off an
unpaired electron to yield a bipolaron, i.e., a dication
carrying the double positive charge.

The polymer reduction (n-doping) generates an extra
electron on the chain fragment (radical anion). In the
majority of studies, attention was focused on the p-doping
giving more stable polymer states. This is why this review
considers mainly the p-doping processes. The mixed elec-
tronic-ionic mechanism of conduction in conducting poly-
mers is provided by the motion of delocalized electrons or
holes along polymer chains and between them, which is
accompanied by transfer of charge-compensating dopant
ions.

Various kinetic aspects of electrode processes on poly-
mer —metal films involving species of external redox systems
present in the electrolyte solution were considered in quite a
number of studies; however, the detailed elucidation of the
mechanism of such processes and their modelling including
the quantitative description of the kinetics still remain
topical tasks. This is associated with both the occurrence
of complex intrinsic electrochemical processes in polymer
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films and with the wide diversity of mechanisms of electrode
processes involving species of external redox systems
present in the electrolyte solution. These factors complicate
analysis and interpretation of the results. Even when con-
sidering simple films of conducting polymers, the vast
majority of authors use relationships derived for the elec-
trode/solution interface (i.e., without the intermediate film);
moreover, it is usually unclear which interface is considered,
the electrode/film or film/solution one. However, account
must be taken of the fact that the total potential drop
between the electrode and the solution is the sum of two
potential drops on these interfaces; moreover, strictly
speaking, both potential drops depend on the electrode
potential. These issues were considered in detail in a series
of studies.?” 47

The present review analyzes the achievements and the
unsolved problems in the field of electrochemistry of con-
ducting polymer —metal composite electrode materials, con-
siders new methods of their synthesis and the results of
studies of their structure and electrochemical properties and
also discusses the theoretical aspects of describing processes
on heterogeneous electrodes with inclusions of catalytically
active metals.

The limited size of the review precludes covering all the
problems on this subject; this is why, here we consider the
most important aspects of electrochemistry of conducting
polymer —metal composites and only fundamental studies.
Among the vast number of original publications of the past
decades on the compositions of conducting polymers with
metal NP, most were devoted to synthetic methods and
structural studies as well as to certain applied aspects of
using these materials.

These very questions were addressed in several recent
reviews.19-23-25,.27.28,.31,48 Mention should be made of the
study by Tsakova,?® who analyzed the literature up to 2010
on the synthetic methods and investigations in the field of
sensors preferentially based on conducting polymer —metal
composites and also of the review by Podlovchenko and
Andreev ' in which one section was devoted to the catalysis
of electrochemical reactions on composite films of conduct-
ing polymers loaded with metal particles. Much less atten-
tion was paid to studying the kinetics of electrode processes
on such electrodes, assessing the reactivity of these compo-
sites. For this reason, in the present review, we address the
experimental and theoretical aspects of studying the poly-
mer—metal composite electrode materials based on con-
ducting polymers with inclusions of noble metal particles,
which exhibit pronounced catalytic activity towards several
electrochemical processes. Special attention is drawn to
heterogeneity of properties of conducting polymer—metal
composite electrodes and also to explanation of the results
of theoretical modelling of electrode processes in such
systems.

The conducting polythiophenes and polyanilines widely
used in studying the conducting polymer —metal composites
are mainly considered here as examples, because the authors
of this review had long experience in studying precisely
these groups of polymers.

I1. Methods of synthesis of conducting
polymer — metal nanocomposites
The porous structure of conducting polymers makes it

possible to use them as matrices loaded with metal particles
serving as the reaction centres. The conducting polymer—

metal composites formed by loading the conducting poly-
mers with metal nanoparticles are of special interest because
they combine the properties of both components. As com-
pared with compact metals, the activity of polymer—incor-
porated noble metal particles is higher due to higher surface
area-to-volume ratio and unique surface properties.

An attractive feature of materials based on conducting
polymers is that nitrogen-, oxygen- or sulfur-containing
groups present in polymer molecules can stabilize nanosized
clusters by interacting with metal atoms and thus limit the
cluster aggregation. Hence, besides serving as the support
for metal particles and providing their electric integration,
the polymer matrix also acts as the stabilizing medium that
prevents agglomeration of metal particles during the syn-
thesis and operation of the catalyst.

Due to porosity and high electronic conductivity of the
polymer, the composite materials exhibit good electron-ion
transport properties in the material bulk. The incorporation
of metal particles into polymers yields nanostructured
polymer —metal materials with properties promising for
various fields of science and technology. Polymer matrices
contain pores of different size determined by the method of
their synthesis and their physical state. The chemical nature
of the matrix and the method of its loading with metal
determine the stability of metal dispersions and their size
characteristics. The development of new electrode materials
based on conducting polymers often involves incorporating
noble metals known for their high catalytic activity (plati-
num, palladium, gold, ezc.). The literature contains numer-
ous descriptions of synthetic procedures for preparation of
conducting polymer—metal composites. These methods
were surveyed in several reviews (see Refs 19, 23 and 28).

The methods of preparation of conducting polymer—
metal composite films on electrodes can be conditionally
divided into four main groups:

— electrochemical or electroless deposition of metal NP
into pre-synthesized films of conducting polymers;

— incorporation of pre-synthesized metal NP during the
electrochemical or electroless synthesis of conducting poly-
mers;

— synthesis of polymer—metal composite films from
colloid dispersions of polymers and metal NP;

— one-step synthesis of polymer—metal composites
from mixed solutions containing the monomer and metal
ions.

Each of the above synthetic methods has its own
advantages and drawbacks and the use of one or another
method depends on whether the chosen method yields
nanocomposite materials that comply with the solution of
the particular scientific or applied problem. Below we
consider some features of the methods of synthesis of
nanocomposite materials.

I1.1. Methods based on deposition of metal nanoparticles into
pre-synthesized polymer films

At present, polymer—metal composites are synthesized
most often by deposition of metal nanoparticles into poly-
mer films. Metal nanostructures are formed in the bulk or
on the surface of the pre-synthesized conducting polymer.
Metal NP can be deposited into the polymer film by either
electrochemical or electroless plating methods from solu-
tions of their salts. Moreover, the particles are stabilized by
the matrix itself, whereas the incorporation of pre-synthe-
sized metal NP requires the use of stabilizers to prevent
their aggregation.
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I1.1.a. Electrochemical deposition of metal nanoparticles into
polymer films from solutions of metal salts

Taking into account the conducting nature of polymers, the
electrodeposition of metals into films was used as the most
suitable and convenient method for preparation of conduct-
ing polymer—metal composites. For the first time, this
method was used to produce PMT/Ag, Pt (Ref. 49) and
PPY/Pd, Pt (Ref. 50) composites. Later, the electrodeposi-
tion of metals was widely used to synthesize the catalytic
conducting polymer—metal materials with inclusions of
gold,' 64 palladium,®5~77 platinum,65 67-71.72,78 111 gj|_
ver '12-114 and other metals and also bimetallic composi-
tions.89-98.102,106, 115117

When carrying out electrodeposition of metal NP on
electrodes modified with a conducting polymer film, one has
to take account of film properties, namely, its original
oxidation state, the morphology and chemical state of its
surface and also its bulk characteristics such as porosity and
metal — polymer chemical interactions. These factors are
interrelated; hence, it is difficult to precisely separate their
effects on the characteristics of a metal incorporated into a
conducting polymer.

The electrodeposition of nanoparticles into conducting
polymers can be carried out from solutions containing
metal or metal complex ions. The use of metal complexes
of different nature makes it possible to additionally control
the range of electrodeposition potentials. The deposition
rate and the amount of incorporated metal can be con-
trolled by varying the potential (or current) in the course of
deposition. For the reduction of metal ions, electrochemical
methods are used, namely, cyclic voltammetry (CV), galva-
nostatic reduction, potentiostatic pulse method and meth-
ods employing asymmetrical current pulses. The use of
various electrochemical modes of deposition may substan-
tially affect the size of metal clusters, their localization and
the density of their distribution in the polymer film.?*

In the case of methods involving loading of pre-synthe-
sized polymer film with metal nanoparticles, the structure
and surface morphology of the resulting nanocomposite
materials are determined, first of all, by the structure and
properties of the polymer. The nanocomposite films are
typical microheterogeneous systems that contain micro- and
nano-sized phases with different properties and chemical
compositions.

The role played by the polymer morphology was dem-
onstrated in several papers.’0-110-118.119 The appearance of
metal clusters of different size was attributed to different
structure of the polymer and topographic and energetic
heterogeneity of its surface including the surface of pores
accessible for the electrolyte in the polymer bilk.70- 118,119
The presence of microdefects in the polymer structure such
as large pores in a thin film which provide the access of
electrodeposited metal to the substrate surface may give rise
to abnormlly large metal clusters.!!8

Depending on the polymer porosity and conductivity at
metal electrodeposition potentials, the deposited metal can
have different preferential location and different distribu-
tion throughout the film.24-120.121 In the general case, one
can expect that the low polymer conductivity in the metal
deposition potential region chosen and high through poros-
ity of the polymer film may induce metal deposition on the
internal substrate/polymer interface. The high conductivity
of the polymer film should favour the electrodeposition on
the external polymer/electrolyte solution interface. These

trends were experimentally confirmed in several stud-
ies 119-122.123 devoted to nucleation and growth of deposits.

The preliminary impregnation of the polymer film with
the electrolyte solution and the use of pulse modes of
potential or current application produced more uniform
metal deposition throughout the polymer pore
bulk,24-95.105. 124126

A detailed study of the potentiostatic deposition of
palladium into a poly-PEDOT film has demonstrated 3
that the growth of Pd clusters is initially controlled by the
charge transfer, and this is followed by sharp transition to
the diffusion control over the deposition process. Presum-
ably, the nucleation of Pd particles occurred at the sub-
strate/polymer interface and the further growth of clusters
took place inside the microporous polymer structure. The
scanning electron microscopy (SEM) images of the compo-
site film confirmed the absence of palladium clusters on its
surface. It was shown 27 that the metal can be deposited
directly on a polymer; thus, atomic force microscopic
(AFM) studies revealed palladium particles on the surface
of a PANI film at the potential of palladium deposition of
0.14 V (the region of the absence of PANI conductivity).

In order to load a PANI film with Pd particles, the
electrodeposition was carried out in the CV and pulsed-
potential modes.”” The amounts of PANI (4—86 nmol li-
tre ! em—2) and palladium metal (0.2—2.1 umol li-
tre~! ecm—?2) deposited and their ratio were controlled by
coulometry. The average size of single palladium clusters
that formed aggregates on the film surface was ~ 5 nm.
Hydrogen sorption on the the composite films was studied.
The hydrogen-to-palladium (H : Pd) ratio was shown to be
higher in the composite film, which was explained by partial
shielding of palladium particles by the poorly conducting
PANI film.

The factors that determine the distribution, the size and
the number per unit surface of particles incorporated upon
metal electrodeposition are of special note. These issues are
closely connected with the kinetics of crystallization of
metals on the polymer surface and depend on the method
used for the deposition of particles. Generally, as expected,
the general trends are the same as found earlier for the
electroless and electrochemical deposition of metals from
solutions onto the metal or carbon substrate.

There are two main models of nucleation during the
metal electrodeposition, namely, instantaneous and pro-
gressive nucleations. However, the analysis of current tran-
sients, i.e., the comparison of experimental curves with the
theoretical curves plotted in terms of either instantaneous or
progressive nucleation model, which is traditionally used
for elucidation of the nucleation mechanism, is in this case
complicated. This is due to the fact that during metal
deposition into conducting polymers, the current response
to a potential pulse includes an additional contribution
associated with the simultaneous polymer recharging proc-
ess. Additional experiments on measuring the current tran-
sients in solutions in the absence of metal ions make it
possible to take account of this contribution to some extent
but produces additional errors and, hence, complicates the
analysis.113-128.129

It was shown experimentally that to obtain single
particles on the surface and in the bulk of a polymer,
electrodeposition should be carried out from dilute solu-
tions of metal salts. However, unlike smooth uniform
substrates made of metals or carbon materials, in polymers,
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the energetic heterogeneity of primary nucleation centres is
expected to be much more pronounced which can be
attributed to donor—acceptor interactions with metal pre-
cursors (ions) and also to the local conductivity of polymer
structures. When the electrodeposition is carried out from
dilute salt solutions, the single nuclei formed in the initial
instant start growing as the time of their contact with the
electrolyte solution increases. Naturally, in this case, the
energy of metal—metal interaction is considerably higher
than the energy of metal interaction with the polymer
nucleation centre, which favours the growth of three-dimen-
sional clusters.

For electroless deposition upon redox interaction of the
reduced polymer with metal ions, similar relationships were
observed. When the deposition is carried out in dilute
solutions, the number of particles is small; in more concen-
trated solutions, a much larger number of nuclei is formed
in the initial instant of polymer contact with the metal salt
solution.!30

The original methods of deposition of metal nanostruc-
tures into conducting polymers were demonstrated using the
SEM method. The metal nanostructures on the surface were
prepared by using a gold (or silver) microelectrode, which
was dissolved in the electrolyte on positive polarization to
yield gold (or silver) ions, which were locally deposited on
the polymer film surface. It was concluded '31~133 that the
size of metal particles formed depended on the lateral
surface conductivity of polymers.

An interesting method for the synthesis of composites
with controlled distribution of the primary gold nuclei
along the polyaniline chain was proposed.5?-134-136 By
controlling the potential of a polyaniline electrode in a
solution containing AuCl; ions, in order to exclude the
chemical oxidation of these ions, their complexes or
PANI-AuCl; associates were formed on polymer mole-
cules. Presumably, these complexes are formed upon inter-
action of gold ions with the imine groups of PANI. The
applied negative potential pulses led to the reduction of the
precursor gold complexes to yield regularly arranged gold
nuclei. Then the potential variation cycle was repeated,
which led, in the authors’ opinion, to the growth of gold
clusters.

Of great interest are the studies on incorporation of
metal nanostructures of a desired geometry, particularly,
nanorods and nanofibres, into conducting polymers.!37-138
This is done using various methods of template-assisted
synthesis, which employ both rigid (e.g., anodized alumi-
nium) 139141 and flexible (polymers and other substances)
matrices.'#2~ 144 The use of templates for the synthesis of
metal nanostructures within conducting polymers seems to
be a promising method for obtaining systems with desired
properties. In particular, D-camphor-10-sulfonic acid,
which served both as dopant and as surfactant, was used
as the flexible template in the synthesis of PANI/Au nano-
wires;!4> this gave nanowires with the average diameter of
50—-60 nm and the length of >1-2 pm. The size of nano-
wires depended on the concentration ratio of aniline, gold
chloride and surfactant. Polyaniline nanotubes were pre-
pared by dissolving gold from the composite structure.

Promising new trends include the synthesis of core—
shell type polymer—metal nanocomposites, segmented
nanocomposites such as PANI/Au and Au-PANI-
Ni—Au-PANIL!'4¢ the Au—-PPY-Ni—Au nanowires 47
and PT-metal oxide nanostructures.'*® These materials

exhibit new interesting properties, which extend the scope
of their applications.

I1.1.b. Electroless deposition of metal nanoparticles from their salt
solutions

The following two methods are used for the electroless
deposition of metal NP into conducting polymer films:

— spontaneous redox reaction between the reduced
form of the polymer and electropositive metal ions in
solution;

— saturation of the polymer film with the precursor
(metal salt) followed by the introduction of a reducing agent
(borohydride, hydrazine, lower alcohols or other com-
pounds) into solution.

A drawback of above methods of formation of nano-
composites is that it is difficult to control the particle size
and distribution.

The spontaneous reduction of metal ions by conducting
polymers to yield metal atoms is possible for ions of
electropositive metals with high oxidative capacity such as
Pd2*, Au’* or Ag". This method opens up additional
attractive applications for conducting polymers, namely, in
extraction of noble metals from their solutions,!49- 150 devel-
opment of potentiometric sensors for noble metals,!3!- 152
and also for metallization of contact areas covered with a
conducting polymer supported on a non-conducting mate-
rial.’>3> The simultaneous reduction of metal ions by
polymers is a simple and convenient method of loading the
polymers with metal nanoparticles. This method of
synthesizing conducting polymer—metal composites was
used for loading polymers with nanoparticles of
g0ld, 56 112.149.150. 154159 palladium,69-70- 151.152. 160173 gj|_

ver,133:174-183  platinum 84185 and bimetallic composi-
tions.69-117.186

A study of PPY/Pd systems was reported.!”? The reac-
tions of doped polypyrrole were shown to strongly depend
on the acidity of the PdCl, solutions and the type of
palladium(11) chloride complexes. From palladium chloride
solutions with low acidity, two forms of palladium species,
Pd? and Pd?", were incorporated into the PPY matrix. The
samples were shown to contain palladium aggregates of
different size, from 0.5 to 2 pm.

Particular attention was given to processes of electroless
reduction of electropositive metal ions on poly(3,4-ethyl-
enedioxythiophene) and polyaniline films.!!2114-119 By
using the quartz crystal microbalance and coulometry
methods, the specific features of electroless deposition of
palladium and gold particles into PEDOT films were
studied in detail.170-172.187 Let us consider the features
most important for the PEDOT/Pd system. The initial
oxidation state of the polymer film and its thickness were
shown to determine the total reductive capacity of the film
and, hence, the total mass of incorporated metal. Similar
correlations were also found for other systems.®% 170- 172,187
For films with specified initial parameters, the amount of
incorporated metal increased with the increase in the con-
centration of metal ions in solution and the deposition time.
Figure 1 shows a typical microbalance response for com-
posite films synthesized in successive 30-s deposition events
of palladium particles into the PEDOT film. The depend-
ences of the frequency of the quartz crystal resonator (f)
and, correspondingly, of the film mass on the potential (E)
are parallel to one another; the film mass is proportional to
the number of palladium deposition events (the deposition
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AQ /mC b

6 Am/mgcm—2

Figure 1. Dependences of f(E) in 0.1 M H»SO4 solution for
PEDOT (/) and composite films (2—6) synthesized in successive
steps of electroless deposition by exposure in 5x 10=4 M PdCl,
solution (a) and dependence of the palladium mass found by
microgravimetry on the quantity of electricity consumed in film
oxidation by palladium (5).!7°

Time of a single deposition step was 30 s; total time of deposition
varied from curve 2 to curve 6 from 30 to 150 s; the electrode
surface area was 1.37 cm?.

time). The electroless deposition of palladium into the
PEDOT film (redox process) includes two conjugated reac-
tions 170

Pd2* +2e —» Pd° (1)
2PEDOT — 2¢ —> 2PEDOT™ @)

The second reaction is shown schematically, because
oxidation to different states and participation of different
dopant anions are possible. In view of the stoichiometry of
reaction (1), the mass of the metal incorporated into the film
can be assessed by the Faraday law.?°- 188 The quantity of
electricity consumed in the reduction of ions to palladium
metal (Q;) is related to the palladium mass deposited into
the film as

Amipy

0 =2F A3)

Pd

where F is the Faraday constant, Ampqg is the mass of
palladium deposited in the polymer film, Mpq is the molar
mass of palladium. Also, the same quantity of electricity
(Q1) is equal to the charge consumed in the respective
process of PEDOT film charging (Q») from a certain initial

potential (E;) to the final potential (E;) corresponding to
the termination of the deposition processes

E, E
0, = dezj CrdE 4
E E

where J is the current, Cir is the low-frequency capacitance.
The quantity Q> was determined by integrating the anodic
segment of the voltammogram from the potential E; of the
reduced film to E, reached during the synthesis when the
polymer film is kept in the palladium solution.

Thus, the mass of palladium metal incorporated into the
film in the course of electroless deposition can be calculated
using the relationship

£y
Mpy [ Mpy Cyp
Ampy = Z_II;dJ CrdE~ % (E,- - Ef) (5)
E;

Table 2 shows the masses of palladium in the film, both
calculated from the quantity of electricity and determined
by the microbalance method.

The palladium masses determined by the microbalance
method are somewhat higher that those calculated from the
quantity of electricity (from CV data). This is attributable
to the additional transfer of water and electrolyte compo-
nents during metal deposition into the film. Similar rela-
tionships for the electroless deposition of gold and silver
were found for systems PEDOT/Au (see Ref. 187) and
PEDOT/Ag.153.183

The morphology of the PEDOT/Pd (Refs 170 and 171)
and PEDOT/Au (Ref. 187) composite films synthesized by
electroless deposition of metals was studied as a function of
synthetic conditions (deposition time, concentration of the
metal salt solution). It was shown that after the immersion
of a PEDOT film into a dilute solution of palladium
chloride, the initial film morphology changes: nanosized
(10—30 nm), mainly spherical palladium particles appear on
the surface of the porous polymer structure (Fig. 2). The
transmission electron microscope (TEM) images of the
PEDOT/Pd composite film reveal that the size of particles
formed from the 5x 10—3 M PdCl, solution increase from
6—10 to 20— 30 nm as the deposition time increases from 30
to 120 s. Analysis of the TEM image (Fig. 3) shows that
metal nucleation occurs directly on the polymer compact
structures and also confirms a bulk distribution of palla-
dium NP (at least in the near-surface layers).

It can be assumed that in this method of metal deposi-
tion into polymers, metal nuclei are formed upon the

Table 2. Experimental values of the average mass of palladium in the
PEDOT/Pd composite film found from CV data!”® and by the
electrochemical quartz crystal microbalance (EQCM) method.

Deposition time /s Ampq /pg cm—2

EQCM Cv
30 1.41 1.30
60 2.83 2.61
90 4.77 4.46
120 6.18 5.90
180 7.17 6.82




20 V V Kondratiev, V V Malev, S N Eliseeva Russ. Chem. Rev. 85 (1) 14—37 (2016)

Figure 2. SEM image of a PEDOT/Pd film.!7>
Deposition for 60s from a 5x10—3M PdCl, solution in
0.1 M H»SOy; single palladium clusters are marked with arrows.

primary interaction of precursors (metal ions) with the
polymer functional groups (e.g., amino groups in polyani-
line). Increasing the metal ion concentration in solution for
the synthesis leads to an increase in the number of primary
nuclei (particle distribution density) and the cluster size.
Thus, the particle size can be controlled by varying the salt
concentration during the synthesis, the thickness of the
conducting polymer film and the deposition time.

The active sites of primary activation are probably the
best-ordered polymer structures with high conductivity,
which are capable of being oxidized by metal ions.?* The
nucleus growth should also be determined by the polymer
local conductivity associated with polymer morphology
and, hence, should depend not only on the processes of
metal ion diffusion in solution but also on the charge
transfer in the polymer film. It was assumed '° that at the
electroless deposition of gold into films, the thiophene
sulfur atoms in the polymer molecules or nitrogen atoms
in polyaniline can interact first with metal ions and then
with metal clusters formed on the polymer surface and in its
pores. These interactions favour stabilization of nanosized
gold clusters. Analogous interactions are also possible for
other metals.38:39- 189

Figure 3. TEM images of a PEDOT/Pd film.'"”
Deposition for 120s from a 5x10—3M PdCl,
0.1 M H,SOq.

solution in

The electroless reduction of silver ions was shown 133 to
be located preferentially in the surface layers of the polymer
film, which are in contact with the metal salt solution. An
increase in the silver ion concentration in the solution leads
to a higher rate of silver incorporation into the film. The
formation of the PEDOT/Ag composite and the mass
variations during the electroless deposition of silver into
the polymer structure were studied using quartz-crystal
microbalance and electron microscopy.'®?

The use of electroless deposition of palladium as an
alternative to electrochemical deposition was shown®® to
produce Pd nanocrystals uniformly distributed over the
polymer surface with the distribution density >10° cm~—2.
The successive deposition of, first, palladium and, then,
copper produced the bimetallic system PEDOT/Pd—Cu. In
the presence of Pd nanocrystals, the potential of initiation
of copper crystallization decreases due to the appearance of
new sites, i.e., the copper nucleation can proceed on
primarily incorporated palladium.

For the electroless deposition of gold and palladium, the
opportunities for the synthesis of bimetallic composite
materials were explored. Thus bimetallic catalysts based
on gold nanoparticles decorated with palladium particles
were obtained on a PEDOT film.!'7 The synthesis of these
PEDOT/Au—-Pd composite films included three stages:

— synthesis of a PEDOT polymer film on the electrode
surface;

— reduction of the polymer film, followed by electroless
deposition of metal particles into the polymer matrix from a
solution of gold(111) chloride complexes;

— subsequent reduction of the composite film and
electroless deposition of palladium metal particles into the
polymer matrix from a palladium(I1) chloride solution.

It was shown that under similar conditions, the rate of
palladium deposition into the PEDOT/Au film is consid-
erably higher as compared with the PEDOT film. The
preferential deposition of palladium on gold was favoured
by two factors: the advantageous palladium nucleation on
the surface of gold clusters and the pronounced chemical
reaction between palladium and gold atoms. The latter
factor, including the interaction of precursors, i.e., palla-
dium ions, with gold surface atoms was particularly noted
in the studies dealing with Pd—Au catalysts.!90-191

For the synthesis of mono- and bimetallic catalysts on
polymer —carbon substrates, PANI was successfully used as
the reducing agent for noble-metal ions (Pt, Pd, Au). The
PANI powder or PANI composites with carbon materials
were reduced to the leucoemeraldine form in a hydrogen
flow, then the metal was immersed into a solution of a noble
metal salt (or mixed salts) where the ions were spontane-
ously reduced to metal atoms.!%% 193 Apparently, the reduc-
tion of metal ions is related to the possibility of stabilization
of the reaction product, metal NP, due to the precursor
interaction with nitrogen-containing functional groups of
polymers. The complexation of such metals with aromatic
amines is well known and widely used in the synthesis of
metal NP. For example, dopamine, a low-molecular aro-
matic amine containing an analogous functional group,
serves as the stabilizer for the formation of catalytic
dispersions of platinum and platinum group metals.

The use of external chemical reducing agents for the
metal deposition into films of conducting polymers can also
be considered as a method for formation of conducting
polymer —metal composites.?* The synthesized polymer film
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is saturated with metal ions, which is followed by their
chemical reduction (due to the addition of a reducing agent,
e.g., sodium borohydride, hydrazine, etc.). This method
extends the range of elements that can be deposited into
films beyond electropositive metals.

I1.2. Incorporation of pre-synthesized metal nanoparticles
into conducting polymers

The group of methods of incorporation of pre-synthesized
NP into conducting polymers includes co-deposition of
polymers with metal NP prepared beforehand as colloid
solutions or capture of NP from colloid solutions by
polymers. Nanoparticles can be incorporated into a poly-
mer during monomer electropolymerization from its solu-
tion additionally containing metal colloid par-
ticles.859,95,99,140,194-203 Yet another method of incorpo-
rating preliminarily prepared NP consists of saturating the
porous matrix with a solution of metal colloid particles
followed by the removal of solvent.?* Also, metal NP can
be incorporated into a polymer by chemical oxidation of the
monomer in the presence of ready nanoparticles.?03~213

An advantage of this group of methods for the synthesis
of nanocomposites lies in the possibility of incorporation of
nanoparticles of a given size into the polymer and their
uniform distribution over the film bulk; their drawback is
the necessity of using stabilizing agents which are intro-
duced as a rule into solution during the synthesis of NP. The
stabilizers are required to prevent aggregation and sedimen-
tation of metal particles. In the majority of cases, the used
surfactants or complexing agents interact with the metal
particles to form shells shielding their surface. The stabi-
lized metal NP are either completely incorporated into the
polymer matrix or this is accompanied by the partial
decomposition of the associates. However, in the presence
of stabilizer molecules, the activity of particles as regards
their other interactions may decrease, which entails a lower
total catalytic activity of the incorporated metal NP. Hence,
among the important problems associated with the use of
this synthetic method is the preparation of sufficiently
stable NP of a desired size satisfying the requirements of
one or another scientific or applied problem. Thanks to the
recent success achieved in the field of synthesizing metal NP
with different structure and in different stabilizing media,
the method under consideration is widely used for synthe-
sizing conducting polymer —metal composites.

The most popular method is the synthesis of colloids
through the reduction of metal cations in the presence of
bulky anions (e.g., citrate ions), polymers and quaternary
ammonium salts as the stabilizers.

Electrochemical polymerization in the presence of plat-
inum colloids was studied for PPY.!94.214 L ater, various
metal-containing colloids were incorporated during elec-
tropolymerization of aniline,!40-186.197 thiophene,??° pyr-
role 9. 142,195, 198,199,201 3nd EDOT.202-293 The electrochem-
ical polymerization was carried out under potentiostatic or
potentiodynamic conditions in the presence of metal col-
loids. A PEDOT/Au composite film (with the average NP
size of 10 nm) was electrodeposited onto the surface of a
PEDOT celectrode from an aqueous solution containing the
EDOT monomer and the pre-synthesized gold NP in the
presence of stabilizing agents.?0%-203 [t was shown '?° that
the average size of gold NP and their size distribution can be
varied over wide ranges by changing the nature of stabiliz-
ing agents. Using the potentiodynamic method, a PEDOT/

Au film was electrodeposited on a glassy carbon (GC)
electrode from a solution containing gold NP stabilized by
EDOT molecules.>®%° Spherical gold clusters measuring
50—-100 nm on PEDOT fibres were uniformly distributed
over the whole polymers surface.®

The majority of procedures for stabilizing gold NP are
based on the formation of a covalent bond between the gold
atoms on the surface of particles and the sulfur atoms of
sulfur-containing ligands (di-, tri- and tetrathiols, disulfides,
thioethers, efc.).203-215-221 However, long thiol molecules
used to stabilize gold NP are not always efficient,???~223
because they form an insulating shell around the NP, which
hinders the transport of electrons and species.

The majority of studies of metal NP and methods of
their synthesis are devoted to gold particles rightly consid-
ered as the model objects with interesting properties. The
active studies and the advances in the field of synthesis of
gold NP T could not but be reflected in attempts to use them
in conducting polymers. Among composites of various
conducting polymers, those loaded with gold NP are the
leaders.

Literature describes many methods of synthesizing gold
nanoparticles from 1 nm to several micrometres in diameter
and also NP of silver?!? and platinum®> which employ
various physical and chemical techniques.??¢~232 It should
be noted that in the majority of cases, the reduction of metal
ions to atoms proceeds in the presence of a stabilizing
polymer, because the interaction of metal cations with
polymer functional groups prior to the reduction restricts
the size of formed particles. Another method of stabiliza-
tion used more rarely consists of monomer polymerization
around the nanoparticles. Aniline, thiophene 2** and EDOT
can be used as such monomers.??*-237 For example, a
colloid solution of the PT/Au composite synthesized by
thiophene polymerization in the presence of HAuCly and
containing no additional agents was stable for several
weeks.233

The monomer molecules of aniline?°> and thio-
phene 233-238 were also used in the preliminary synthesis of
metal NP. The redox reactions of these molecules with
electropositive metal ions yielded nanoparticles stabilized
by polymer shells. In the latter case, the concentration of
metal ions in solution was selected to be sufficiently low as
compared with the monomer concentration so that the
resulting metal NP could form a stable colloid solution.
This was followed by the electrochemical polymerization to
yield composite films on the electrode. Thus gold nano-
composites with polyaniline,?%> polythiophene?3° and
poly(3,4-ethylenedioxythiophene) 234~ 236,240,241 yere syn-
thesized.

I1.3. Synthesis of conducting polymer —metal composite films
from colloid dispersions of polymer and metal nanoparticles
Recently, methods of synthesizing composite films based on
preparation of mixed colloid solutions of polymers and
metal NP have been actively developed. Colloid dispersions
of composites can be prepared by mixing the initial colloid
solutions of polymer and metal NP or by direct formation
of metal NP in polymer dispersions upon the addition of
salt solutions of electropositive metals such as gold, palla-

T Please, refer to publications on the synthesis and use of metal NP,
including gold NP (e.g., see review 219).
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dium or silver. The formation of composite films on electro-
des from colloid dispersions can be accomplished by their
dropwise application on the substrate, by spreading a uni-
form coating of a liquid layer over a horizontal substrate
rotating at a high velocity (spin-coating) or also by the jet
printing technology with subsequent drying.?4?>~ 24> Further-
more, layer-by-layer deposition of separate solutions con-
taining polymer and metal NP can be used.’% 5715 The
adsorption method of successive application of layers of
metal nanoparticles and conducting polymers onto sub-
strates was considered in several publications. 34,204,246 -248

The methods listed above can be used in the large-scale
syntheses of films of composite materials; this is done using
both simple and high-tech methods for applying solutions
onto even large surfaces. Also, it is possible to form
specified structures on the surface of conducting and non-
conducting substrates, in particular, the methods using jet
printers. The method of printing of electrochemical sensors
by means of special jet printers with heated platforms in
which metal composite dispersions are used as the ink is of
particularly wide application.

For solving practical problems, adhesion of the applied
material to the substrate surface is a very important param-
eter. To increase the adhesion and stabilize the coating,
additional stabilizers are used which prevent dissolution of
composite materials on their long-term operation in electro-
lyte.>** New methods were also proposed for synthesizing
aqueous dispersions of PEDOT/PSS/Pd, PEDOT/PSS/Au
and PEDOT/PSS/Au/Pd composites (PSS is polystyrene
sulfonate). The synthesis of colloid solutions of conducting
polymer —metal composites is very important because this
opens up wide opportunities for applying catalyst particles
on various substrates (including non-conducting ones) via
their dropwise application or printing with a jet printer.
Simple mixing of PANI with suspensions of Pd nanopar-
ticles 230251 and also mixing of PEDOT —PSS with disper-
sions of Au and Ag (Ref. 252) yielded the corresponding
metal nanocomposites in solution. It was found?>3 that
encapsulation of pre-synthesized gold NP into pre-synthe-
sized water-soluble polyaniline-2-carboxylic acid provides
composite nanocolloids which are stable in aqueous solu-
tions.

To develop multilayer structures of PANI and gold
nanoparticles, the electrode was re-immersed into a solution
containing polyaniline and colloids of Au or Ag (layer-by-
layer).#2-165-167 This approach turned out to be very con-
venient for deposition of ultrathin composite layers with a
uniform distribution of metal NP.254

I1.4. One-step synthesis of conducting polymer —metal
composites from mixed solutions of monomers and metal
salts

11.4.a. Chemical synthesis of conducting polymer —metal composites
by direct redox reactions between the monomer and metal ions in
solution

One of the methods of one-step synthesis of conducting
polymer —metal composites is based on the redox reaction
between molecular components of the mixed solution, i.e.,
the precursors of composite components. Conducting poly-
mer—metal composites are obtained by oxidizing the con-
jugated monomer (e.g., pyrrole, aniline) by transition metal
cations (e.g., palladium, platinum), which induces the
simultaneous formation of both the polymer matrix and
the metal nanoparticles dispersed in polymer globules.

In essence, this method is close to those described above
in Sections I1.2 and II.3, special cases of which also employ
monomer molecules for synthesizing nanoparticles of elec-
tropositive metals. However, the main argument for its
recognition as an individual method is that the precipitate
is formed in a single step to be used later in electrode
preparation.

To date, several papers were published devoted to the
use of this method for preparation of nanocomposites with
Au, Pd, Ag and Pt nanoparticles.3!> 64 11,137, 145,234,255-279
In the one-step electroless synthesis, the bulky anions such
as PSS, dodecyl sulfate (SDS), polyvinylpyrrolidone (PVP),
etc. were used as NP stabilizers.?3# 274 The EDOT monomer
was simultaneously used to reduce HAuCly and stabilize the
gold NP thus formed.?3423¢ The SEM and TEM images
acquired in these studies demonstrated gold nanowires with
the diameter of ~20—30 nm and the length of 0.5—1 um
covered with the polymer (PEDOT). The effect of the
reducing agent (EDOT) concentration and the synthesis
time on the morphology and conductivity of PEDOT/Au
composites was considered. In several studies, other stabil-
izers were used together with PEDOT, such as trioctyl-
amine, 24! PSS,234.280 SPDS,234 PVP,234 ¢fc. It was shown that
PEDOT/Au particles stabilized by polystyrene sulfonate
became water-soluble, in contrast to gold particles covered
only by the PEDOT film.?3** The effect of the EDOT : PSS/
HAuCly reactant ratio on the morphology of gold particles
was studied.?®® When trioctylamine was used as the stabil-
izer, the formation of spherical gold aggregates with the
diameter of ~ 230 nm built of 10 nm gold NP was
observed.?*! The NP size was controlled by varying the
deposition time and concentrations of stabilizing and reduc-
ing agents. Several publications were devoted to studies of
colloid solutions of composites by optical and IR spectro-
scopy.241-280

For studying the electrochemical properties of deposits
of conducting polymer—metal composites synthesized in a
single step, they were fixed by various methods on electrode
substrates. Particularly, the filtered and dried precipitates of
conducting polymer—metal composites were introduced
into carbon pastes, mixed with additional binding materials
and then applied onto various substrates.!!!-28! For exam-
ple, ! the composite obtained as a powder was filtered,
dried, and then applied on a GC electrode within a paraffin
film. In another study,’®?> PPY/Pd composites synthesized
by colloid solution sedimentation were successfully used
both as powders and deposits on a carbon substrate for
catalyzing the organic reactions of cross-coupling of aryl
and(or) hetaryl substrates. For deposition on substrates,
suspensions of composite powders in organic solutions
(acetonitrile, N-methylpyrrolidone, etc.) were
used.275.282-284

In addition to the methods of extraction of composite
deposits and their subsequent application on electrode
surfaces, a method of direct application of liquid colloid
dispersions onto substrate surface followed by their drying
to yield a solid film was also used. This version of prepara-
tion of composite electrode is similar to those discussed
above in Section II1.3.

I1.4.b. One-step electrochemical synthesis of conducting

polymer —metal composites from monomer and metal salt solutions
The electrochemical synthesis of conducting polymer —me-
tal composite films on electrodes from solutions containing
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a metal salt and the monomer can be carried out in a single
step by cycling the electrode potential in a wide range or by
applying potential pulses of different polarity. The potential
variation region involves potentials of polymer—film elec-
trodeposition on the electrode surface and the potentials of
electrodeposition of metal particles on the film surface. The
conducting polymer film is formed in the positive potential
region, whereas the metal electrodeposition occurs in the
negative potential region. Both processes occur in the same
mixed solution but are time-spaced. By selecting the poten-
tial region and the potential scan rate or the time of
potential pulses, one can control the ratio of composite
components and the size of metal particles. These synthetic
methods were discussed in several studies dealing with Pt-,
Pd-, Au- and Ag-containing composites based on PANI,
PEDOT, PPY and some other polymers.67-76,254

The features of formation and electrochemical behav-
iour of PANI/Pt and PANI/Pd systems formed on the
surface of a GC electrode in the course of its potential
cycling in solutions containing aniline, a metal salt and a
supporting electrolyte were studied.®’ It was assumed that
the deposits grew mainly in the direction away from the
substrate within polymer pores. It was also shown ¢’ that
the real surface area of platinum and palladium deposits
incorporated into PANI can be found by considering the
adsorption of copper atoms (the specific surface area of the
Pd deposit was found to be 35-45 m? g—!). The PANI
matrix favoured the formation of highly dispersed palla-
dium deposits (particles of 8—10 nm) in contrast to plati-
num deposits (particles of ~ 40 nm). The SEM studies
revealed considerable differences in the morphology of
PANI/Pt and PANI/Pd films. The microparticles of cata-
lytic metals have a substantial effect on the redox properties
of the film and accelerate its degradation.

The PANI/Ni films containing up to 4% of nickel have
been prepared by electrodeposition.?®> It was shown that
the size and content of nickel particles can be varied by
varying the metal concentration in solution and the poten-
tial scan rate. The PANI/Ni films exhibited well pro-
nounced ferromagnetic properties.

I11. Electrochemical reactions on conducting
polymer — metal nanocomposite electrodes.
Electrocatalysis

Figure 4 shows the general scheme of electrode processes
observed on a conducting polymer—metal composite film.
Localization of electrochemical reactions involving species
of an external redox system is an issue deserving special
discussion. The electrode processes involving such species
contained in the electrolyte solution may in principle
proceed at the following interfaces:

(1) conducting substrate/polymer film;

(2) polymer film/electrolyte solution;

(3) metal cluster/electrolyte solution.

The first case is likely only for films with sufficiently
high porosity, i.e., in the presence of pores of different size,
which make easier the access of reacting species through
electrolyte to the substrate. The porous structure of films
also provides for the processes at interfaces 2 and 3. In
particular, they can occur both on the visible external
polymer surface and metal clusters located on it and on
the internal surface of film pores and metal clusters in them.
Indeed, studying the structure of such films revealed the

Solution

Ox + ze —> Red

Electrode

Composite

Metal NP

Figure 4. Scheme of the electrode processes on a composite film.
(1-3) Interfaces (see the text). Ox is the oxidant, Red is the
reductant.

presence of metal particle inclusions both on the surface and
in the pores.?86-287 Moreover, it should be noted that the
position of a metal cluster in contact with electrolyte
solution, either inside the film or near the film/electrolyte
interface, has a substantial effect on the kinetics of the
process: in the former case, an additional stage of ion
transport in the film appears, whereas in the latter case,
this stage is absent.

The porosity of the material and the presence of reaction
surfaces with different electrochemical activity and different
structure of the electric double layer may give rise to
complex kinetic behaviour not obeying the classical equa-
tions of electrochemical kinetics for homogeneous metal
electrodes. The kinetics of electrode processes in such
systems can be complicated and its details often remain
unclear.

Primarily, in studying the redox processes on conducting
polymers, it was assumed that their occurrence is limited to
the potential region of electrochemical activity of the
polymer film; and, hence, when the film is transferred into
its non-conducting (or poorly conducting) state, the proc-
esses on the outer interface polymer film/electrolyte should
be inhibited, which can serve as an indication of electronic
conduction of the film.?%% This statement was confirmed
experimentally 28%:290 for redox processes of iron(Il) aqua
ions on PPY films. For several non-polar gases (H», Oz) and
uncharged compounds, it was found?°' that when the
potential of a conducting polymer film is in the region of
its non-conducting state, the reaction occurs on the inner
conducting substrate/polymer interface; furthermore, the
effect of the substrate material on the reaction kinetics was
found for gas molecules.??> The latter fact points most
convincingly to the presence of the reaction at the inner
interface.

To date, a large number of studies devoted to catalytic
activity of conducting polymer —metal composite films have
appeared. As a rule, these studies were associated with the
prospects for the design of materials for low-temperature
fuel cells >3 and electrochemical sensors.?** In addition to
its practical importance, studying the electrode reactions on
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conducting polymer—metal composite films makes it possi-
ble to assess the electrochemical properties of the latter and
compare them with the properties of polycrystalline electro-
des. This is of special interest when the processes under
consideration occur preferentially on metal particles, i.e.,
microelectrodes, and the polymer matrix serves as the
integrating conducting medium.

However, as was noted in a review,!° the results of
numerous studies of catalytic processes on conducting
polymer —metal composites are often conflicting and their
comparison is difficult due to the difference in experimental
conditions, low reproducibility of results and, in the major-
ity of cases, the absence of data on the specific current
calculated per unit real surface area of the catalytic metal
(provided that catalysis occurs preferentially due to metal
inclusions).

Thus, highly important is the correct choice of exper-
imental conditions under which the reactions of the system
studied can be reliably separated (for polymer and metal
inclusions) in order to find and analyze the partial currents
of electrochemical reactions separately for metal inclusions.
Another important problem to be solved for reliable eluci-
dation of kinetics of electrochemical processes on poly-
mer—metal electrodes is finding the real surface area of
metal particles. In most publications, this information is
absent, which complicates more profound analysis of the
material. Despite the mentioned complications, certain
success was achieved recently both in the mathematical
description of electrochemical processes on heterogeneous
conducting polymer—metal electrodes and in experimental
testing of applicability of theoretical results obtained.

IT1.1.Theoretical aspects of the description of
electrochemical processes on conducting polymer —metal
electrodes

Above, it was mentioned that real conducting polymer—
metal films are porous systems heterogeneous in their
properties and can serve as attractive candidates in studying
and modelling electrode processes. Theoretically, polymer
films in which redox processes proceed mainly on catalytic
metal inclusions distributed both over the film surface and
in the internal pore bulk are most interesting in this respect.
The theoretical aspects of electrode processes on electrodes
heterogeneous in their properties were published earlier
only for simple systems, e.g., for an ensemble of metal NP
distributed over the electrode substrate surface that functon
as separate microelectrodes.??>—297

In terms of theoretical models, this system is considered
as a monolayer of metal particles in a polymer film, to
which the concepts developed for microelectrodes and their
ensembles can be applied.??%-2°7 The size of microelectrodes
determines the character of diffusion to their surface, which
is reflected in kinetics. The effect of the microelectrode size
is determined by the ratio of thickness of diffusion layers on
metal particles to the linear size of the latter and also
depends on the distribution of microelectrodes over the
film surface.

The mechanisms of electrode processes on conducting
polymer—metal composite films were analyzed in
detail. 29- 286,287,298 The composite films were considered as
the systems consisting of a multitude of metal cluster
microelectrodes distributed over the surface and throughout
the bulk of the conducting polymer matrix. The electro-
chemical reactions involving species of the external redox

system and occurring on these films were analyzed for the
case of random distribution of microelectrodes in the film
bulk and the distance (R;) between the clusters comparable
with the size of clusters (r,,) and also for the case of R;; > r,.
As follows from the foregoing (Section II.1), this model
complies with experimental data on the structure of con-
ducting polymer —metal composite films.

For the sake of simplicity, the reacting species of the
external redox system in electrolyte solution will be called
below the test species. It was assumed that the electrode
reaction that involves the test species and proceeds on the
surface of clusters is irreversible and its rate is described by
first-order kinetics. At the same time, the transfer of
electrons between the substrate and clusters (i.e., through
film parts separating them) occurs under reversible condi-
tions.

The main assumption made in the subsequent analysis is
that the clusters are small compared with the thickness of
the accommodating conducting polymer film. Insofar as the
thickness of diffusion layers that appear as a result of
reactions of test species on the surface of cluster micro-
electrodes is of the order of magnitude of the cluster radius,
the above assumption allows us to use two scales of
distance. The first scale (microscopic) serves for character-
izing the local distribution of test species around the
clusters, whereas the second scale (macroscopic) is used for
describing variations in the averaged concentration of the
same species on the scale of distances comparable with the
film thickness. It is evident that on the macroscopic level,
the description is reduced to the diffusion problem compli-
cated by the presence of the bulk electrochemical reaction of
test species on point-like clusters. Particularly, to describe
the distribution of the concentration of reacting species
ck(z, t) inside the film, i.e., on the macroscopic scale of
distance 0 < z < Lo, where Ly is the film thickness, the
differential equation was derived

2.

) DD k(o gy (o) ©)
where Dy is the diffusion coefficient of test species,
K(z, E) ci(z, t) is the rate of the bulk transformation of test
species. This quantity was calculated with the use of the
microscopic scale of distances as a flow of substance to the
cluster surface (or to certain parts of the surface) accom-
modated in a macroscopically narrow film layer with the
thickness equal to the average diameter of clusters located
at a fixed distance z from the electrode substrate surface. In
this case, the effective rate constant for the bulk reaction
K(z, E) turns out to depend not only on the electrode
potential E (due to contact between clusters and the
substrate through the conducting polymer film) but also
on the distance z when the clusters are distributed non-
uniformly in the film bulk. This constant implicitly depends
on the cluster size. Thus, we have considered a fairly general
case of composite films with the only (but justified, as noted
above) assumption of smallness of clusters as compared
with the film thickness. Without dwelling into details of
solution of this problem (they were fully considered
before 2°-298), we consider the final results which can be
tested experimentally.

Thus, summarizing the results of the theoretical analysis
and numerical calculations carried out for the case of
uniform distribution of identical clusters throughout the
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film thickness, it should be pointed out that the electrode
modified with a composite film behaves as a compact
electrode made of the material of particles incorporated
into the film. It deserves mention that this conclusion
proved to be true for electrochemical measurements carried
out both under steady-state and non-steady-state condi-
tions. Particularly, on such composite electrode, the steady-
state voltammetric curve of oxidation/reduction of test
species was described by an irreversible-wave equation the
same as for the macroscopic metal electrode,?® namely,

) Ji oFE
Ji — Apc,({() (1 - J}:‘m>k6 exp (_ﬁ> 7
K

with some effective rate constant k determined by the
relationship

i) = pnay(ro) Lo ko ®)

20A4r
Parameters involved in these expressions are defined as
follows: Ji is the current; A is the visible surface of the
film; p and o are the rate constants for the injection of test
species into the film and their escape from the film
(p = o[cm s—!] for clusters in direct contact with film-
surrounding solution); cfc()) is the concentration of test
species in the solution surrounding the electrode; JE™ is
the limiting current observed on a composite electrode with
the visible film surface and determined by both the size and
the number of particles incorporated into the film and the
conditions of solution stirring; o is the apparent transfer
coefficient; E is the electrode potential; nao(ro) is the overall
surface of clusters accommodated in a microscopic film
layer with the thickness of 2 ry (i.e., the cluster diameter); Lo
is the film thickness; ko is the real rate constant for the
electrode process.

Thus, the effective rate constant kj can be changed not
only by varying the temperature as for metallic electrodes
but also by varying the content of inclusions in the film [i.e.,
the factor nao(ro), the radius of incorporated particles ro and
the film thickness Lo]. In fact, this forms the specific
character of composite films as compared with macroscopic
electrodes made of the material of the inclusions present in
the film.

It should be noted that Eqn (8) holds for films contain-
ing identical clusters (with the radius ro). In the general case,
the radii of clusters are different and the corresponding
expression for this constant is more complicated due to the
use of averaging over the cluster size. However, the equa-
tion for the voltammetric characteristic, i.e., Eqn (7),
remains unchanged. It should be added that this equation
also remains unchanged when clusters of identical size are
distributed randomly throughout the film bulk but their
overall surface area within the film remains specified.
Moreover, the form of Eqn (8) is also retained with the
only difference that the product nao(ro) should be consid-
ered as a certain arbitrary function of the distance to the
electrode substrate.

These results, unexpected at first glance, have a simple
explanation if one assumes additionally?®® that the film
thickness (Lo) far exceeds the thickness of the diffusion
layer (0) formed in the electrode-surrounding electrolyte
solution in the presence of redox reactions of test species.
Taking into account that the values Lo for conducting

polymer films usually do not exceed one micrometre and o
lies in the range of 10—3—10~2 c¢m if the stirring intensity is
moderate, then this assumption can be considered as justi-
fied in the majority of cases. Under these conditions (i.e.,
for the low Lo/d ratio), the concentration gradients of test
species inside the film should be virtually absent if the
currents are not too close to the limiting value [J}jm, see
Eqn (7)]. Hence, all the clusters incorporated into the film
are under virtually the same conditions so that the govern-
ing factor is their total surface area and not the way they are
distributed in the film bulk. In connection with this, the
above conclusion that the form of voltammetric (polar-
ization) curve is independent of the particular type of
distribution of identical clusters throughout the film bulk
can be extended, with sufficient confidence, to the case of
clusters of different size.

As an illustration to these briefly described consequen-
ces of the theory, we consider the results of studies in which
experiments implied both the analysis of the currents of test
species with distinguishing the partial reaction currents on
metal inclusions and estimation of the real surface area of
such inclusions. Certain examples of experimental verifica-
tion of the theoretical relationships are shown below for the
reactions of hydrogen peroxide reduction on PEDOT/Au
composites films 2°? and hydrazine oxidation on PEDOT/Pd
film.171.300

The wave of hydrogen peroxide reduction on the poly-
mer surface is located at considerably more negative poten-
tials (by up to 200 mV) than the reduction wave on gold
clusters, which points to the electrocatalytic reduction of
hydrogen peroxide on gold clusters. The noticeable separa-
tion of these waves on the potential scale allowed the
authors?° to isolate and analyze the partial current of
hydrogen peroxide reduction on gold as a function of the
time of gold deposition into the film. It was demonstrated
that for all times of gold deposition into PEDOT films and
the corresponding variations in the size and distribution of
Au particles, the measured partial voltammetric curves of
the reduction on gold clusters really satisfied Eqn (7) so that
the curves could be linearized on the semi-logarithmic
(Tafel) coordinates E vs. log[j/(ja—j)] (j is the current; jq
is the diffusion current). The analysis of partial voltammo-
grams on the mentioned coordinates yields the slope of
0.21-0.24 V for their linear segments, which points to the
presence of an irreversible two-electron process with the
apparent transfer coefficient of 0.24—0.28. The resulting
transfer coefficient suggests that the slow stage of the
overall two-electron process is the transfer of the first
electron. The above data agree with the mechanism pro-
posed 39! for hydrogen peroxide reduction on gold.

The increase in the observed rate constant with the
increase in the amount of gold loaded into the film shifts
the cathodic wave of the reduction of test species to more
positive electrode potential, which means acceleration of the
process. Obviously, this is associated with the increase in the
total surface area of gold clusters [nao(ro)] as the amount of
gold loaded into the PEDOT film increases; however, the
rigorous consideration requires taking into account addi-
tional data (see below). This preliminary conclusion was
confirmed experimentally for hydrogen peroxide reduction
on PEDOT/Au films?®° and hydrazine oxidation on
PEDOT/Pd films.!71-300

It should be added that for long times of gold loading
into the polymer film, the position of the voltammogram
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virtually coincides with that for hydrogen peroxide reduc-
tion on polycrystalline gold. A shift of the hydrazine
oxidation wave with increase in the time of PEDOT-film
loading with palladium particles was also observed in
another study.!”!

The limiting currents of hydrogen peroxide reduction
and hydrazine oxidation measured on rotating disk electro-
des modified with PEDOT/Au (Ref. 299) and PEDOT/Pd
(Ref. 171) films turned out to be lower than the correspond-
ing limiting diffusion currents to the unmodified electrode;
the currents coincided only in the case of long-term metal
loading into the films. This is associated with the fact that at
relatively short times of gold and palladium deposition,
nanosized clusters of these metals are formed. The density
of distribution of such clusters is low so that the distance
between them far exceeds their diameter; hence, the diffu-
sion of test species to clusters proceeds independently (on
the scale of microscopic distances; see above). The currents
corresponding to reactions of test species on the surfaces of
clusters are independent of one another, which corresponds
to the monotonic increase in the observed overall current
(including the observed limiting current Ji™) with the time
of metal deposition. With the increase in the density of
distribution of metal clusters in the film, the diffusion layers
around the clusters begin to overlap, and the spherical
diffusion of test species towards particular clusters is
gradually replaced by their one-dimensional diffusion to
all clusters in the film. Ultimately, this leads to independ-
ence of the recorded current of further increase in the metal
deposition time, as was confirmed theoretically.?*8

The described features were confirmed experimentally.
Indeed, as the gold deposition time and amount loaded into
the PEDOT film increased, the limiting current of hydrogen
peroxide reduction also increased.??® The analogous effect
was observed also for hydrazine oxidation on palladium
particles loaded into a PEDOT/Pd composite film.!”! For
sufficiently long times of metal (gold, palladium) deposi-
tion, the increase in the limiting current slows down to reach
virtually constant values corresponding to the limiting
diffusion current of hydrogen peroxide reduction and
hydrazine oxidation controlled by the diffusion mass trans-
fer of test species in the surrounding solution.

Now, we consider how the limiting currents in films
loaded with different amounts of metal (e.g., gold) change
with the intensity of solution stirring [in the studies
cited,!71-299 rotating disk electrodes (RDE) were used]. As
was mentioned above, the limiting current for long-term
loading of gold is independent of the loading time so that
the recorded overall limiting current is of the diffusion
nature. Thus, the dependence of this current on w!/?
(where w is the angular rotation rate of the corresponding
disk electrode) is linear and can be extrapolated to the
origin, which points to its compliance with the Levich
equation, i.e., the presence of diffusion limitations on the
transfer of H,O, molecules to the visible electrode surface.
For short times of gold loading, the dependences of the
overall and partial (on metal clusters) currents of hydrogen
peroxide reduction have a more complicated form. Figure 5
shows the corresponding dependences plotted on the Kou-
tecky—Levich  coordinates. =~ When extrapolated to
w~ 12 =0, the linear dependences 1/I4 vs. o~ /2 substan-
tially deviate from the coordinate origin for short times of
gold loading (see curves 2, 3).

—11{ jmA
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Figure 5. Dependences of 1/1((;) [1511) is the limiting diffusion

current at a specified gold deposition time 7] on w~!/? for electro-
reduction of hydrogen peroxide on the PEDOT/Au composite
film.2%?

The dependences were obtained in 0.2 M phosphate buffer contain-
ing 10—3 M H»0> on electrodes with different gold amounts loaded
from 1073 M HAuCly; deposition time /s: (1) 720; (2) 60, overall
current; (3) 60, partial reduction current on gold clusters.

According to the concepts briefly described below, the
y-intercepts should be considered as the kinetic components
of the overall (curve 2) and partial (curve 3) currents
realizable only for the infinitely high electrode rotation
rate. The appearance of such kinetic currents is associated
with the parallel processes of H»O»> reduction on the
ensemble of microelectrodes (gold clusters) and on the film
surface free of these clusters.

This type of analysis was described in the supplement to
the aforementioned publication.?®® In particular, it was
shown that the limiting current reached on a modified
electrode Iff) [in Eqn (7), J}‘Em] should not exceed the
limiting diffusion current and can coincide with the latter
only at sufficiently high densities of particle distribution in
the film. In fact, this means that for low limiting currents (as
compared with the limiting diffusion current), the amount
of metal loaded into the film is insufficient for the purely
diffusion mode of the supply of species that react on the
composite electrode. Insofar as another conclusion of the
study under consideration was the virtual independence of
the observed current of the pattern of cluster distribution in
the film, then it can be formally assumed that the number of
clusters is insufficient even if all clusters present in the film
are concentrated on the electrode/solution interface. This is
why the analysis is carried out for an imaginary system with
the clusters located on the film/solution interface. In this
case, the problem is reduced to the description of parallel
reactions of test species which proceed on the film areas
covered with clusters (corrected for the surface curvature)
and free of them with allowance made for the convective-
diffusion nature of the supply of species to this surface.

The consequences of such consideration are as follows:

— the slopes of dependences of the reciprocal values of
overall and partial currents on the rotation rate (on the
Koutecky— Levich coordinates) considerably differ;
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— the y-intercepts obtained upon extrapolation of the
corresponding linear dependences 1/I4 vs. /2 to
w~ 12 =0 are also different;

— the slopes of the plots for reciprocal overall limiting
diffusion current coincide at long times of gold loading into
the PEDOT film.

As can be judged from the data shown in Fig. 5, all these
factors are present in the experiment. Thus, the experimen-
tal results on the hydrogen peroxide reduction on composite
PEDOT/Pd films are in good agreement with the theoretical
description of electrode reactions in such systems.

An important consequence of the theoretical analysis
carried out by Malev et al.?-286.287.298 ig the conclusion
that the volume distribution of metal NP in contact with
electrolyte components (the components of external redox
systems) plays a significant role only for currents very close
to the limiting current of the total composite electrode.
Then the concentration of test species in the film pores
becomes so small that its relative changes [Ack(z,t)/ci(z,1)]
start to depend substantially on the distance z to the
substrate surface. This factor makes unequal the conditions
of transport to clusters located at different distances z in the
film, so that the diffusion of test species to such clusters
becomes dependent both on the character of their distribu-
tion and the possible deviations in their size. Unfortunately,
this phenomenon can hardly be reliably detected and used
for estimating the cluster distribution under the conditions
of electrochemical measurements. Indeed, according to
calculations,?®® the deviations of polarization curves of
composite electrodes from the dependences set by equation
(7) are noticeable only for currents differing from the
limiting values by no more than 5%.

One can also mention the effect of the first cycle (or the
first pulse) when the electrode saturated with redox-system
components produces its first current response, which is
considerably higher than in the subsequent cycles (or
potential pulses). This is attributable to saturation of the
film with active components, which disappears in subse-
quent cycles. The first-cycle effect can be used for enhancing
the sensitivity of electrochemical sensors. However, under
the steady-state (or quasi-steady-state) conditions of meas-
uring voltammetric curves, the effect of volume distribution
of catalyst nanoparticles disappears and the catalyst effi-
ciency is determined first of all by the density of particle
distribution and their effective surface area.

I11.2. Electrocatalysis or the effect of the surface area.
Determination of the surface area of metal particles in
conducting polymer — metal composites

The electrocatalytic processes on different conducting poly-
mer—metal composite electrodes remain at the centre of
attention of scientists,392-335 which is associated with the
development of low-temperature fuel cells and sen-
sors.293.294.302 Of particular importance is the electrocatal-
ysis of the processes of hydrogen, formic acid, hydrazine,
methanol and ethanol oxidation and oxygen reduction. The
oxidation of methanol and other small molecules is known
to proceed via several parallel reactions, particularly, those
giving intermediates that can poison the catalytic metal
particles. These intermediates include, for instance, carbon
monoxide and formaldehyde, which can be adsorbed
strongly on the catalyst thus hampering its operation; this
is why attention is focused on the options of further
oxidation of these products.

Table 3 shows the data obtained for various catalytic
reactions on polymer—metal composite materials. It
deserves mention once again that among the overwhelming
majority of studies, little attention was paid to determina-
tion of the real size effect, i.e., to measuring the catalytic
activity per unit real surface area of the catalytic metal. For
a part, this is associated with the difficulty in finding the
real surface area of metal nanostructures contained in a
polymer and also with its possible changes during electro-
chemical experiments under different conditions.!® The
determination of the real active surface area of particles by
the direct experimental methods is a difficult task. The
estimates can be made based on indirect data on the
adsorption of certain molecules on the surface of particles
and also based on model calculations of the particle size
distribution and density.

The use of the known methods of assessing the real
surface area of metal electrodes, well-developed for plati-
num group noble metals, is often complicated by the
peculiar properties of both the conducting polymer —metal
systems and of the metal in its dispersed state. Thus, the
determination of the platinum real surface area based on
hydrogen adsorption can be incorrect because of the
adsorption interaction of NP with the polymer and the
changes in the substrate pseudo-capacity.’8-303.304 The
processes of hydrogen sorption/desorption on palladium
particles are complicated by the absorption of hydrogen in
the bulk of this metal, which gives no way of estimating the
palladium real surface area based on hydrogen peaks in
voltammograms.395-30¢ [t was recommended 63-¢7-79,305-307
to determine the real surface area of inclusions of platinum
metals (Pt, Pd) from the adsorption of copper on their
surface. Good reproducibility of values of the real surface
area of platinum particles incorporated into PANI esti-
mated from the adsorption of copper atoms has been
pointed out.®” However, this method cannot be used for
some conducting polymers due to the possible specific
interaction of copper ions with polymer functional groups
(e.g., with sulfur atom in the thiophene ring) and also due to
redox interactions of copper ions with the polymer.2¢!

A method that can be considered as promising for
assessing the real surface area of platinum group metal
and gold particles is the electrochemical adsorption of
oxygen. It was noted7%-308-311 that this method can be
incorrect for polymers that are easily oxidized at relatively
high anodic potentials of oxygen adsorption. However,
many conducting polymers, for instance, thiophenes,
exhibit fairly high resistance to oxidation in the mentioned
potential range. The data for the PEDOT/Pd compo-
site 170-172 can serve as an example of such estimates. In
dilute acid solutions (0.1 M H2SOy4, 0.1 M HCIOy), the oxy-
gen desorption peaks in voltammograms are well reprodu-
cible, so that their clear dependence on the time of film
loading with palladium particles is evident. The charge
(Qp4) consumed in the reduction of palladium surface
oxide can be considered as a measure of the palladium
surface area. The QOpg value was found by integrating the
current under the cathodic peak of oxygen desorption from
the palladium surface, with a correction made for the
charging current. The currents of palladium oxide reduction
on the PEDOT/Pd film are easily separated from the
charging currents of the PEDOT film. This provides for
reliable calculations of the real surface area of palladium
particles under the assumption of closeness of the specific
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Table 3. Catalytic reactions on polymer-metal composite materials.

Polymer Metal NP NP size Specific content Comments (investigation method; catalytic effect; Ref.
/nm of metal catalyst real surface area estimates)
/ug cm—2

Methanol oxidation

PANI Pt 20-100 10-30 Three different methods of Pt NP incorporation were tested,; 81
method of steady-state polarization curves
PANI Pt 10-30 25-750 CV method; methanol adsorption isotherms at different 94

concentrations were studied; the real surface area of platinum
particles was assessed

PANI Pt — 62-76 Method of steady-state polarization curves; the real surface 127
area of platinum particles was assessed

PANI Pt 100—-400 200 CV method; catalytic currents at different Pt contents in PANI 109
were measured

PANI Pt — 112-260 CV method; electrocatalytic activity of platinum particles in 108

PANI was noted; synergistic effect between dispersed Pt
particles and PANI; the real surface area of platinum
particles was assessed

PANI Pt,Pt/Pd ~3 — CV and chronoamperometry; PANI —nanofibres 316
(60— 100 nm diameter)
Pt/C and Pt — 0.051 CV, chronoamperometry and electrochemical impedance 317
PANI/Pt/C spectroscopy; methanol oxidation on two modifiers,
Pt/C and PANI/Pt/C, was compared
PANI/SWCNT? Pt 20-80 30-100 Method of steady-state polarization curves; methanol oxidation 318

current was studied as a function of the mass of
incorporated Pt particles
PANI Pt 210 — CV method; layer-by-layer composite synthesis; methanol 319
oxidation depends on the number of layers and the nature
of the external layer (PANI or Pt)
PANI Pd 150 - Methods of steady-state polarization curves and CV, 312
methanol oxidation current was studied as a function
of the method of Pd synthesis (from PdCI3~ or PdClZ’),
comparison with a plane Pd electrode was made

PANI-PSS Pt — — Methods of CV and chronoamperometry; synthesis
with different PANI : PSS ratios was tested; 313
electrochemical deposition

PEDOT Pt—-Ru 123 12-13 Methods of CV and chronoampermetry; electrodeposition of 314

bimetallic Pt—Ru clusters into PEDOT; methanol oxidation
current on the PEDOT/Pt— Ru electrode was several times higher
than on the Pt—Ru electrode in the absence of PEDOT
PEDOT Pt 4-25 — Methods of CV and chronoamperometry; PEDOT was shown 322
to noticeably improve the catalytic reactions on Pt particles
(no considerable poisoning by CO species was observed)

PPY Pt 3.5 — Methods of CV and chronoamperometry; one-step synthesis of 320
composites; composites were more active than commercial Pt/C
catalysts

Ethanol oxidation
PEDOT/ Pt — ~80 Methods of CV, inversion voltammetry, chronoamperometry 321
ER-GOP® and electrochemical impedance spectroscopy; real surface area
was assessed (47.1 m? g~ )
PANI Pd — — CV method (repeated cycling, 1st and 200th cycles) 323
Carbnano/¢ Pt 9 — CV and thermogravimetry; composite activity was comparable 324
PANI with that of Pt/C NP

Oxygen reduction

PPY Pt — — CV method 325
PPY Pt — — Method of steady-state polarization curves 214
Carbnano/ ¢ Pt 9 - CV method; Koutecky — Levich dependences for O, reduction 326

PANI were plotted on Tafel coordinates; thermogravimetry
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Table 3 (continued).
Polymer Metal NP NP size Specific content Comments (investigation method; catalytic effect; Ref.
/nm of metal catalyst real surface area estimates)
/ug cm—2
Oxygen reduction
PANI Pt — - Electrodeposition of Pt particles; composite was covered 327
with Nafion; non-steady-state curves
PPY Pt—Cu — — Methods of steady-state curves on RDE and electrochemical 328
impedance spectroscopy; four-electron mechanism and
catalytic effect were established
Hydrazine oxidation
PANI Pt 1-2 — CV method; hydrazine oxidation was studied as a function 185
of the method of composite synthesis
PEDOT Pd 6-30 1.4-7.07 Methods of CV and steady-state polarization curves on RDE; 171
electroless deposition of metal; the catalytic effect was mainly due
to the increase in the surface area of metal particles in the composite
PANI Pd — — Methods of CV and amperometry; layer-by-layer deposition 329
PANI Pd 2-22 — Methods of CV and electrochemical impedance spectroscopy; 330
layer-by-layer deposition
Formic acid oxidation
PANI Pt — 62-76 Method of steady-state polarization curves; the real surface 334
area of platinum particles was estimated
Polycarbazole Pt,Pt-Ru — 0.30 CV method; the formic acid oxidation current was studied 332
as a function of the mass of incorporated platinum
PANI Pd — - Method of steady-state polarization curves; the effect of synthetic 127
conditions and the PANI amount in the composite on the
formic acid oxidation was studied
PPY, PANI, Pt — — CV methods; the effect of the nature of polymer support 333
polycarbazole, (polyaniline, polypyrrole, polycarbazole, polyindole) on the
polyindole formic acid oxidation on Pt particles was studied
Poly(o-tolu- Pt — 4.2-46 CV method; electrodeposition of palladium nanoparticles 331
idine) by various deposition modes
PT Pt,Pt—Pd — - CV method; metal NP in the polythiophene film were 200
electrodeposited on the ITO ¢ substrate
PANI Pd — — CV method (repeated cycling, 1st and 200th cycles); 323
the catalytic properties were found to be more stable for
palladium NP incorporated in the polymer
Hydrogen oxidation
PANI Pt — 5-300 Method of steady-state polarization curves on RDE; 30
the exchange current was observed to increase with increasing
platinum loading in the range of 5— 150 pg cm—2; for high
loadings, the exchange current remained unchanged
PPY Pt 44000 16-36 Method of steady-state polarization curves; the limiting 335

current of hydrogen oxidation increased with increasing
platinum loading (up to 50 ug cm—?)

2 Single-walled carbon nanotubes.  Electroreduced graphene oxide. ¢ Carbon nanotubes. 9 Indium tin oxide.

charge density consumed for oxygen desorption from palla-
dium particles and the corresponding value for the poly-
crystalline palladium electrode. Table 4 shows the
experimental surface areas of palladium particles (Spqd)
incorporated into the PEDOT film during different loading
times.

The impedace spectra of PEDOT/Pd films in
0.1 M H>SO4 in the potential regions of electrochemical
sorption/desorption of hydrogen on the surface of incorpo-
rated palladium particles demonstrated clear-cut semicircles

with the diameter (determining the resistance to charge
transfer and inversely proportional to the surface area of
these particles) decreasing with the increase in the palladium
amount in the film. Apparently, the latter is associated with
the increase in the surface area of palladium particles
accessible to hydrogen sorption/desorption under the men-
tioned conditions. Under the assumption that the specific
resistance to charge transfer is the same for smooth palla-
dium and palladium particles embedded into a film, the real
surface area of palladium particles within the composite
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Table 4. Experimental values of the surface area of palladium metal
incorporated into a PEDOT film at different times of deposition.

Pd deposition time /s Qpax10—3/C Spd /cm?
400 13.95 0.332
240 7.575 0.180
120 5.467 0.130

60 4.116 0.098

30 2.176 0.052

film has been found.!’® For the palladium loading used,
based on the real surface area of Pd particles, their specific
surface area was determined to be 36 m? g—!, whereas the
average size of palladium particles calculated in terms of the
model of spheres was found to be close to 14 nm. Note that
a similar size of palladium NP (10—20 nm) was also found
under the same conditions by the SEM method.!”?

Actually, the data in Table 3 show that the authors of
the majority of studies consider the electrocatalytic activity
of such composites only based on the gain in the rate of
some process taking place in these objects compared with
the rate (current) observed on the electrode chosen for
comparison (polymer film, electrode substrate, etc.), i.e., in
fact, the possible changes in the real surface area of the
catalytic metal on going from test system to reference
system are virtually ignored. The most reliably established
and important benefits observed upon dispersing the cata-
lytic metal throughout the polymer matrix include the
increase in both the active surface area of the catalytic
metal and the stability of its particles in the nanosized state,
providing the long-term stability of electrode character-
istics. These conclusions were drawn in the majority of
studies with different degrees of reliability. However, more
profound generalization of results of various studies, even
those obtained for similar systems, is often complicated by
different conditions of synthesis of conducting polymer—
metal composites, dissimilar characteristics of metal inclu-
sions and ambiguities in electrochemical response acquis-
ition.

Below, we consider in more detail some of the important
conclusions made in the studies presented in Table 3.

Oxidation of alcohols.31-94,108.109,124,127,312-324  The
PANI/Pd composite films were studied as electrode material
to be used in sensors for methanol. The pronounced
adsorption interaction of methanol with palladium particles
was revealed and it was shown that the electric resistance of
the PANI/Pd composite film is very sensitive to methanol
adsorption on Pd particles.?!> However, the developed 3'3
impedance-metric sensor had a narrow dynamic range of
determination (up to 10 ppm) because of fast saturation of
methanol adsorption on palladium particles.

The catalytic activity of compact platinum and platinum
dispersed in PANI was compared 3! by varying the amount
of deposited Pt nanoparticles in the range of
10—-30 pg cm—2 to catalyze methanol oxidation in sulfuric
acid. The advantages of the PANI/Pt composite material
over compact platinum were caused by its weaker poisoning
by CO.gs and COH,qs groups formed on the platinum
surface. The weaker catalyst poisoning in PANI/Pt was
observed also for oxidation of other simple mole-
cules.87-96.316-319 pPotentiostatic pulsed studies of methanol
oxidation on the PPY/Pt electrode have also confirmed its
weaker tendency to poisoning and revealed the enhanced

catalytic activity of platinum within the composite com-
pared with the compact platinum electrode.!?*

A more reliable comparison of the catalytic activity of
platinum in a compact electrode and as Pt particles within
PANI was carried out for the case of methanol oxidation in
acidic solutions.?* 27 The methanol oxidation currents were
compared by taking into account the real surface area of the
platinum catalyst. A noticeable catalytic effect in methanol
oxidation was observed on PANI/Pt composite films syn-
thesized by the electrodeposition method.?4 127 The
observed catalytic effect was shown’® to increase with the
increase in the amount of metal loaded into the polymer and
depend on the distribution of Pt particles throughout the
polymer. For the mass of deposited platinum of
<25-35 pug cm—2, the reaction mechanism was found to
differ from mechanisms observed for both the deposited
mass of >60-750 pg cm—2 and a smooth platinum elec-
trode. For small amounts of platinum in PANI, methanol
adsorption was the rate-limiting step of oxidation.

The calculated °* specific currents of methanol electro-
oxidation on a composite film proved to considerably
exceed the oxidation current on platinized platinum
(Pt/Ptnano). It was noted that this effect may be associated
with the peculiar structure of the platinum deposit in thin
PANI films. A similar conclusion was drawn for the case of
formic acid electrooxidation on PANI/Pt films.!?” In the
latter study, a noticeable increase in the catalytic activity of
platinum particles as compared with Pt/Pthano was
observed.

The majority of publications on the reduction of alco-
hols on platinum-group metals revealed a general feature,
namely, the increase in the current density on polymer
electrodes with the increase in the time of metal loading
for small and medium times and the attainment of satura-
tion (for platinum, usually at 150—200 ug cm—2) for long-
term metal loading.

In a review,302 it was noted that among various con-
ducting polymer —metal catalysts of alcohol oxidation, the
best catalysts were nanoparticles of platinum and its bimet-
allic compositions, particularly, Pt—Ru. For more efficient
operation of such catalysts, it is the practice to use sub-
strates of the combined carbon and polymer materials,
which are most stable against poisoning and satisfy the
conditions of long-term operation.

For PANI/Pd composites synthesized by deposition of
palladium from a solution containing PdCI3™, the rate of
methanol oxidation was found to be higher and the palla-
dium surface poisoning was shown to be stronger as
compared with a plane platinum electrode.?!?

The catalytic activity of a PPY/Pt electrode in methanol
oxidation was found 32° to increase with the increase in the
platinum content and reach saturation at a considerably
high platinum content, namely, up to 150—180 ug cm—2. As
the PPY/Pt film thickness increased from 0.4 to 1.2 pg, the
methanol oxidation current passed through a maximum.

A high (390 A g—!) current density of ethanol electro-
oxidation was observed3?! on a composite material,
Pt—PEDOT/ER-GO, and the high stability of platinum
particles within this composite to poisoning with ethanol
oxidation products was revealed. The high current densities
of ethanol oxidation were associated with the higher active
surface area of platinum nanoparticles (47 m? g—1).

The activity of bimetallic nanoclusters Pt— Ru electro-
deposited into a PEDOT film supported by carbon paper



V V Kondratiev, V'V Malev, S N Eliseeva Russ. Chem. Rev. 85 (1) 14—37 (2016) 31

was studied.3'* The average diameter of Pt — Ru nanoclus-
ters was ~ 123 nm. In the absence of PEDOT, the size of
clusters was ~ 251 nm and they were distributed less uni-
formly over the carbon paper. Studies by the CV method
have shown that the methanol oxidation current was several
times higher on the Pt — Ru/PEDOT eclectrode as compared
with the Pt — Ru electrode in the absence of PEDOT.

Oxygen reduction.?!4 325328 The reduction of molecular
oxygen in PPY/Pt composites was found to proceed pre-
dominantly on platinum inclusions.3?3 The reduction mech-
anism was shown 323 to depend on the method of platinum
loading into the polymer. When the process occurred
preferentially on the platinum deposit located on the poly-
mers surface, selective oxygen reduction by a four-electron
mechanism took place to yield water molecules. When the
proportion of Pt particles located in the polymer bulk was
considerable, the amount of the intermediate reduction
product, hydrogen peroxide, was observed to increase. The
effect of Pt particles incorporated into the polymer bulk on
the catalytic characteristics of deposits was also considered
in several other publications (see Refs 124, 194, 214, 320
and 328). The author of one of these studies?!'* concluded
that the oxygen reduction current on a 3D PPY/Pt electrode
increases as compared with a 2D PPY/Pt electrode.

Hydrazine oxidation.!”!-185 The PANI/Pd nanocompo-
sites were synthesized by loading polymer films with palla-
dium by the method of layer-by-layer deposition via the
adsorption of PdCI?~ or PdCI;™ ions followed by their
electroreduction.’?® A similar method was also used in
another study.?3® The size of Pd particles varied in the
range from 2 to 22 nm depending on the concentration of
palladium chloride used. The electrocatalytic and sensor
properties of composites were studied by the CV
method.3?-330 The hydrazine reduction current increased
with the increase in the number of deposited layers, which is
equivalent to the increase in the number of palladium
particles loaded into composite films.

Formic acid oxidation.!27-200,322.331-334 The electrocata-
lytic activity of Pt nanoparticles and bimetallic Pt—Ru
nanoparticles loaded into polycarbazole towards formic
acid oxidation was studied by CV and chronoamperome-
try.332 In the presence of polycarbazole, the synergistic
effect was observed in the catalysis of this reaction, which
was presumably due to weakening of the adsorption of
intermediate products of formic acid oxidation, particu-
larly, to poisoning of platinum by carbon monoxide. As the
metal loading increased (up to 0.30 mg cm~—2 of Pt or
Pt—Ru nanoparticles), the formic acid oxidation current
was observed to increase.

The currents of formic acid oxidation observed on
compact platinum and platinum particles electrodeposited
on poly(o-toluidine) were compared.33! A considerable
catalytic effect was concluded for the composite film;
however, the authors did not compare the steady-state
currents of this process calculated per unit real surface
area of platinum catalysts.

The more reliable conclusions on the considerable cata-
lytic effect of the PANI/Pt composite in formic acid oxida-
tion were drawn!?’ by comparing the specific currents
observed on platinum particles loaded into polyaniline and
platinized platinum. The catalytic efficiency towards formic
acid oxidation was shown to be higher for palladium
particles dispersed in the polyaniline matrix. This conclu-

sion was made based on the comparison of steady-state
oxidation currents per unit surface area of metal particles.

The electrocatalytic activity of PT/Pt and Pt—Pd films
(electrochemically deposited NP) was studied in the reaction
of formic acid electrooxidation.??° The observed high activ-
ity of composites was attributed to uniformity of NP
dispersion in the PT film and also to the effect of palladium
in the bimetallic Pt —Pd system.

Recently, reseachers have paid increasing attention to
the role of the supporting polymer used for deposition of
particles of catalytically active metals and estimated the
efficiency of the catalytic site comprising not only metal
clusters but also surface groups and atoms of the supporting
polymer, which interact with metal atoms.

An attempt to explain the effect of the nature of the
polymer support was undertaken33* in which the films of
several polymers (polyaniline, polycarbazole, polyindole) of
equal thickness coated with a monolayer of platinum nano-
particles pre-synthesized under the same conditions were
studied. Systematic investigations of formic acid oxidation
on these polymer—metal composites made it possible to
conclude that polycarbazole is the most suitable support for
catalysts with Pt particles. This is attributable to the
particular set of chemical properties of the donor nitrogen
atoms, which provide the optimal functioning of the cata-
lytic site. The effect of the conducting polymer support on
the catalytic properties of platinum particles in methanol
and formic acid oxidation was also studied in another
work.3?2

Hydrogen oxidation on the platinum catalyst incorporated
into a conducting polymer.3%-335 The electrooxidation of
hydrogen on a catalyst in the form of platinum dispersed
in the polymer matrix (polyaniline) was studied 3° for the
platinum loading varying from 5 to 300 pg cm—2. It was
shown that as the platinum loading in the composite film
increased to 150 ug cm—2, the exchange current of the
mentioned process increased. The further increase in the
platinum loading into the film resulted in attainment of the
maximum constant exchange current typical of smooth
platinum electrodes. The similar effect was observed also
for hydrogen electrooxidation on PPY/Pt films.33% As the
amount of platinum electrodeposited into a polypyrrole
film increased to 50 pg cm 2, the current density increased
to reach its limiting (saturation) value typical of a compact
Pt electrode.

The redox reactions of substances on composite electro-
des can be complicated in the potential region in which the
electronic conductivity of the polymer matrix is consider-
ably lower, which leads to the loss of the effective conduc-
tivity of the whole composite. In such cases, the problem of
unstable conductivity is solved by using the complex com-
positions of conducting polymer with stable electron-con-
ducting components, for instance, carbon substances of
various modifications.302

1V. Conclusion

The material discussed above reflects the recent advantages
and unsolved problems in the field of electrochemistry of
conducting polymer—metal materials. Considerable prog-
ress was observed in the development of methods for
synthesizing these materials with different distribution of
metal-containing nanostructures throughout the conducting
polymer matrix and also of methods for studying the



32 V V Kondratiev, V V Malev, S N Eliseeva Russ. Chem. Rev. 85 (1) 14—37 (2016)

morphology of materials. In the literature, considerable
attention was given to analysys of how different factors
affect the reactivity of composite materials, particularly, the
role of the size of metal nanoparticles and the character of
their distribution throughout the bulk and over the surface
of polymer electrodes. However, as follows from the anal-
ysis of experimental data, the systematic investigation of
these factors taking into account not only the total content
of catalytic metal but also the real surface area of metal
clusters accessible for the reaction and the way they are
distributed in the polymer still remains a topical problem.
Such studies make it possible to relate the structure chem-
ical parameters of the complex conducting polymer—metal
electrodes to their intensive parameters (rates of electro-
chemical reactions) and draw more reliable conclusions on
the factors responsible for their catalytic effect.

Many of results explain the catalysis as merely the effect
of the higher catalyst surface area in metal dispersions,
whereas the studies of the real size effect (the increase in
specific activity of catalytic metal particles) are few. Com-
parable catalytic activities of metal NP and the compact
metal were noted in several studies with the exception of
composites containing small platinum clusters for which the
size effect was revealed. However, for metals dispersed
throughout polymer matrices, the economy of noble metals
as catalysts as compared with compact electrodes is notice-
able.

In several recent publications on catalysis of electro-
oxidation of alcohols and other organic compounds, it was
noted that despite the well-known higher stability of cata-
lytic metal dispersions in polymer matrices, research into
these materials is still in the very beginning. This is asso-
ciated with the complexity of these systems, the wide
diversity of methods and materials used for their synthesis
and the small number of investigations in which these
problems are considered systematically. The evident prog-
ress was achieved in the development of theoretical concepts
on the charge transfer processes, which made possible the
more comprehensive interpretation and verification of the
parameters found.
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from the Russian Foundation for Basic Research (Project
Nos 16-03-00457 and 14-29-04043). The authors are grateful
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