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Abstract This paper presents a review on a series of recent
investigations focused on the understanding of the role of
various factors for the number, size, and location of the
metal particles electrodeposited in conducting polymer (CP)
layers. It is demonstrated that the initial oxidation state of
the CP layer and its surface and bulk structure play an
important role for the location of the metal particles. The use
of metal anion complexes instead of the corresponding metal
cations presents a helpful tool for affecting the location and
number of metal crystals. The involvement of special metal/
polymer interactions in the metal electrocrystallization pro-
cess is another way for influencing the metal deposit. An
alternative to the electrodriven deposition is the electroless
metal precipitation based on the reducing ability of the CP
layers. This approach results in metal particles deposition at
the polymer surface and may be effectively controlled through
parameters such as CP reduction charge, dipping time, and
concentration of the metal-plating solution.
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Introduction

Since the early works of Tourillon and Garnier [1] and
Chandler and Pletcher [2] published in the mid-1980s, a
number of investigations were focused on metal electrode-
position in conducting polymer (CP) materials. A great
number of studies were directed to metal/polymer systems

of practical interest and several metals such as Pt [1–43], Pd
[2, 14, 22, 44–51], Ag [1, 52–56], Au [57–62], Cu [48, 52,
63–76], Ni [52, 77–80], Pb [2, 28, 52], etc. were addressed.
Table 1 summarizes the publications on metal particles
electrodeposition in the most studied CPs—polyaniline
(PANI), polypyrole (PPY), polythiophene (PTHI), and
poly-3,4-ethylenedioxythiophene (PEDOT). Despite the
numerous studies and the continuing interest in the field,
most of the works describe metal electrodeposition in polymer
layers with various and, in some cases, ill-specified character-
istics, and thus do not provide the basis for comparison
between results obtained at different experimental conditions.
Therefore, it is difficult to gain a general understanding on the
possibilities for influencing the characteristics of the metal
deposit such as number, size, and spatial distribution of the
electrodeposited metal crystals.

This was the reason for performing a series of inves-
tigations [82–95] under well-defined conditions aimed at
probing different approaches for metal particles electrode-
position. The basic goal was to identify factors providing
the opportunity to influence, in a controlled way, the type of
the metal deposit. The choice of metals in these inves-
tigations was not determined from an application point of
view but rather from the point of view of screening
different situations with respect to the intrinsic properties
of the CP materials. Thus, we started by studying copper
[82–84, 86–88] and silver [53, 89, 90] deposition in PANI
layers; these two particular metals having equilibrium
potentials, which are negative and correspondingly positive
with respect to the main redox peak of PANI (Fig. 1).
Copper and silver also provide the opportunity to compare
deposition using metal cations (Cu2+ or Ag+) and a variety
of metal anion complexes.

In parallel with studies on metal electrocrystallization in
PANI and also in the ring-substituted poly-o-methoxyaniline
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(POMA) [94], investigations on palladium and copper
deposition in PEDOT [85, 91–93, 95] were started.
Although with very different equilibrium potentials, both
metals deposit in potential windows where PEDOT is in its
oxidized, high-conducting state. Nevertheless, the situation
for both metals turned out to be drastically different
because of an important peculiarity concerning copper
electroreduction in PEDOT. It was found that under specific
conditions copper becomes stabilized by the bulk of the
PEDOT layer [91, 92], and this process may be used to
influence the copper electrocrystallization [93].

Finally, a series of experiments was performed to study
the chemical, electroless precipitation of metal particles in
PANI [90] and PEDOT [95]. The term electroless precip-
itation is used to differentiate this CP-based process from
the conventional electroless deposition; the latter requiring
an additional reducing agent present in the electrolyte
solution. Electroless precipitation occurs by coupling
polymer oxidation and metal ions reduction. This approach,
initially studied for the recovery of precious metals from
acidic solutions [96–101], has been in the meantime often
employed for intentional deposition of metal particles in CP
layers [50, 102–127] (Table 1).

The present review aims at outlining some of the most
important results obtained in our studies and pointing to
factors allowing for a significant change in the microscopic
picture of the metal deposit. Each of the following parts in
this review addresses a separate issue and presents examples
in various metal/CP systems originating from both our
investigations and other relevant publications in the field.

Experimental

PANI and POMA layers were synthesized in 0.1 M
monomer solution in sulfuric acid (0.5 M) by means of

three different experimental techniques—potentiostatic,
potentiodynamic, and pulse potentiostatic deposition [83].
The pulse potentiostatic procedure [128, 129] consisted of a
sequence of consecutive polymerization (E=1.0 V) and
reduction (E=0.2 V) pulses with equal duration (0.1 s).
Chemical synthesis of PANI on supporting platinum plate
was carried out in 0.01 M aniline, 0.01 M (NH4)2S2O8, and
0.5 M H2SO4 at 4 °C under constant stirring [88]. PEDOT
layers were synthesized potentiostatically using an aqueous
microemulsion containing 0.068 M monomer, 0.5 M
LiClO4, and 0.04 M poly-oxyethylene-10-lauryl ether
(Sigma) as surfactant [130, 131]. The working electrodes
used throughout most of the electrochemical measurements
were single crystal platinum beads embedded into glass
with surface area between 2×10−3 and 2×10−2 cm2. Speci-
mens for SEM were obtained by using platinum plate
electrodes. As an indirect measure for the thickness of
PANI and POMA layers, we used the reduction charge,
Qred, obtained after electrochemical synthesis by cyclic
voltammetry performed in 0.5 M H2SO4. This charge is an
easily measurable characteristic of the layer providing the
opportunity to control the thickness of the polymer coating.
A reference measurement of the thickness of a PANI layer
was carried out through SEM using a scratched surface and
served for rough estimate of the PANI layer thicknesses on
a 20 mCcm−2 reduction charge per 1 μm basis. In the case
of PEDOT, the thickness of the layers was estimated by
measuring the polymerization charge obtained in the course
of potentiostatic polymerization.

Copper deposition was studied by using three different
solutions: (1) 0.033 M CuSO4 and 0.5 M H2SO4 (copper
cations solution); (2) 0.02 M CuSO4, 0.062 K3C6H5O7, and
0.344 M K2SO4, pH 6.06, (copper citrate solution) [86]; (3)
0.02 M CuSO4, 0.06 M Na2C2O4, and 0.344 K2SO4,
pH 6.5, (copper oxalate solution) [87]. In all cases, copper
was deposited galvanostatically at j=−0.17 mA cm−2. The
amount of deposited copper was varied by carrying out the
galvanostatic experiment for different times, typically in
the range between 200 and 600 s.

Silver deposition was carried out also in three different
solutions: (1) 0.01 M AgClO4 and 0.5 M HClO4 (silver
cations solution); (2) 0.01 M AgNO3, 0.04 M Na2S2O3, and
0.5 M KNO3, pH 6.4, (Ag–thiosulfate solution); (3) 0.4, 2,
or 10 mM AgNO3, 0.02 M Na2C10H14O8N2 (disodium salt
of ethylenediaminetetraacetic acid [EDTA]), 0.5 M KNO3,
pH 4.1, (Ag–EDTA solution) [90].

Palladium deposition in PEDOT was studied in 2 mM
PdSO4 in 0.5 M H2SO4 by means of potentiostatic experi-
ments [85, 95] and electroless precipitation [95].

In some sets of experiments on the role of the initial
oxidation state of the CP layer and also in the case of
electroless precipitation, PANI and POMA layers were
subjected to reduction in indifferent electrolyte (0.5 M
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Fig. 1 Voltammetric curve of PANI measured in acid solution (0.5 M
H2SO4); v=100 mVs−1
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H2SO4) by keeping the potential at E=0.02 V for 15 min.
Electroless precipitation in PEDOT was carried out after
reducing the layers at E=−0.05 V for 1,200 s in sulfuric
acid solution. (All potentials are quoted with respect to
SHE.)

Electrodeposition of metal particles

Role of the initial oxidation state of the polymer layer

It is well known that the conductivity of the CP materials
depends on their oxidation state, which in turn is potential-
and, in some cases, pH-dependent. The conductivity of the
polymer layer is, however, only one of the characteristics
important for metal particles deposition. The second basic
characteristic involved in the metal deposition process
relates to the CP porous structure providing the opportunity
for the transport of ions into the bulk of the layer down to
the underlying metal electrode surface. Thus, there is
always a competition between the reduction of metal ions
on the outer and/or inner polymer surface and on the
underlying metal surface. The outcome of this competition

depends on the specific combination of morphology and
conducting properties occurring under given experimental
conditions.

An example illustrating this situation provides the Cu/
PANI system. Due to the specific position of the equilib-
rium potential of Cu2+/Cu with respect to the main PANI
redox peak (Fig. 1), copper electroreduction in these CP
layers may be initiated in two ways—either by taking the
PANI layer in the oxidized, high-conducting state or by first
reducing the layer and then starting the metal deposition in
the reduced, low-conducting state of PANI. Figure 2 shows
the galvanostatic transients obtained in the presence of
copper ions in the electrolyte solution at PANI layers with
one and the same thickness, the only difference being the
initial oxidation state of PANI. It is evident that after the
partial reduction of the PANI layer, electroreduction of
copper started easily in the ox-PANI case and proceeded at
potentials close to equilibrium. In contrast, copper nucle-
ation and growth in the red-PANI case required high
overpotentials and was obviously significantly inhibited.

Investigation on copper dissolution (Fig. 3), performed
after the deposition in both cases, showed that the Cu
oxidation peaks were markedly shifted. Copper deposited in

Table 1 Investigations on metal particles deposition in the most studied CPs

Metal PANIa PPYa PTHIa PEDOT

Metal particles electrodeposition
Pt 3, 6, 7, 9, 12, 13, 15, 16–19, 20, 22, 23, 25–27, 30, 31,

32–35, 39, 40, 43
2, 3, 5, 8, 9, 20, 21, 24, 36, 41 1, 14, 20, 28 37, 38, 42

Pd 22, 46, 47, 49–51 2, 45, 46, 48 14, 44, 48 85, 95
Au 57, 59–62 58
Ag 53, 55, 56, 89, 90 52 1
Cu 66, 70, 82–84, 86, 87, 94 48, 52, 64, 67, 69, 71, 72–76 48, 65, 68 63, 71, 91–93,

95
Ni 78 52, 67, 71,79, 80 77 71
Other
metals

Cd: 66 Ir, Ru: 41, Sn: 52, Pb: 2, 52, Co: 81, 159,
Fe: 159, Ni: 159

Rh: 14, Pb:
28

Co: 71

Bimetal
deposition

Pt–Ru: 11, 19, 29, 31, 40, Pt–Sn: 11, 19, Pt–Pb: 19, 20,
Pt–Os: 31, Pt–Mo: 31

Pt–Pb: 20, Co–Gd: 71, Fe–Ni: 159, Co–
Mn: 159

Pt–Sn:10,
Pt–Pb:20

Pd–Cu: 95,
Co–Gd: 71

Metal electroless precipitation
Pt 125, 127
Pd 101, 104, 106–111, 113, 115, 118, 120 112 95
Au 96, 97, 98, 113, 117, 127 98, 114 114, 116, 119
Ag 90, 100, 103, 123, 127 99, 122, 123, 126 105 126
Other
metals

Hg: 102, 124

Incorporation of chemically synthesized metal nanoparticles
Pt 156 24, 36, 153, 154
Pd 151 155
Metal/CP interactions
Pd 106, 120, 150, 151
Au 139
Ag 103
Cu 152 140–143 144–149 91, 92

a Derivatives of PANI, PPY, and PTHI are also included in the respective columns.
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the red-PANI layer became oxidized at more positive
potentials, only after the oxidation transition of the PANI
layer itself was initiated. Combined electrochemical and
XPS experiments [84] have shown that copper dissolving
under the second, more positive oxidation peak is located
inside the polymer layer. No copper clusters were detected
on the PANI external surface when small amounts of
copper were electrodeposited in reduced defect-free PANI
layers [88], indicating the presence of copper clusters inside
the polymer structure. (The role of microdefects for the
metal nucleation in CPs will be addressed further below.)
Based on the electrochemical, XPS, and SEM results
obtained in our studies, it was assumed that electrocrystal-
lization in reduced and homogeneous PANI layers occurs
by diffusion of the metal ions through the porous structure

of the polymer layer and formation of metal nuclei at the
substrate/polymer interface (Fig. 4a). Further highly im-
peded growth due to the inhibited diffusion and the
resulting low effective ions concentration proceeds through
the polymer pores up to the polymer/solution interface.
Thus, a network of fine metallic wires filling the porous
structure is very probably created. After reaching the
polymer/solution interface, the metallic caps will grow
much easier due to the availability of enough metal ionic
species. However, it could be argued that because of the
very different growth rates of metallic wires inside the
polymer and of metal caps already emerging at the polymer
surface, the latter will gradually consume the whole
diffusive flux and thus limit the growth of the still
undergrown metallic wires. On the other hand, electro-
crystallization performed at an oxidized, high-conducting
PANI layer with a good surface homogeneity should
preferentially occur at the polymer surface (Fig. 4b). The
diffusion of ions inside the layer is impeded by the
consumption of the ions flux at the surface, and the porous
structure imposing transport limitations is of little impor-
tance for the metal nucleation process. Figure 4a and b is
distorted in what concerns the size scale of layer thickness
(several micrometers) and pore diameters (several nano-
meters [132]. The so-called microdefects correspond to the
largest pores and have diameters from several hundreds of
nanometers [132].

According to Fig. 2, there is a marked difference in the
growth overpotential for copper clusters built in reduced
and oxidized PANI layers. Therefore, it should be expected
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that the growth shapes of the crystals will depend on the
initial oxidation state of the PANI layer. The SEM micro-
graphs shown in Fig. 5a and b demonstrate this difference
for the biggest Cu crystals observed at the PANI surface
and show the formation of pentagonal copper crystals
deposited at low overpotential (in an oxidized PANI layer)
and the building of highly disordered copper clusters
deposited at high overpotential (in a reduced PANI layer).
Pentagonal copper crystals with different shapes were already
observed in studies on copper electrocrystallization on
titanium nitrate and copper polycrystalline substrates [133,
134]. Only in the case of electrodeposition in the oxidized
state of PANI copper lamellar crystal, interlocked in the
polymer structure (Fig. 5c), were found on the surface.

The above-suggested model for electrodeposition in
oxidized and reduced CP layers is supported by the
investigations of Yang and Wen [18] on the potentiostatic
electrodeposition of platinum in PANI. The experiments
were carried out at two outermost potentials (shifted by
400 mV) corresponding to the oxidized and reduced state of
the polymer layer, respectively. Auger depth profiles
showed preferential Pt deposition at (and close to) the
polymer/electrolyte interface for the oxidized PANI layer
and homogeneous distribution of platinum inside the
reduced PANI structure [18].

Surface morphology and bulk structure of the CP layer

The discussion on the role of the CP oxidation state
presented above is based on a model picture corresponding
to a more or less ideal situation of a completely homoge-
neous (at the micrometer scale), defect-free polymer surface.
It is known that the extent of the polymer homogeneity
depends on several parameters, e.g., CP layer thickness,
electrochemical polymerization procedure (potentiostatic,
galvanostatic, potentiodynamic, pulse potentiostatic, etc.),
and synthesis method (chemical or electrochemical). Thin

CP layers are often highly defective and ill-reproducible in
their micromorphology. Thus, it is difficult to study the metal
nucleation and growth process and to differentiate between
the role of the metal substrate and of the polymer coating for
the electrochemical nucleation. Because of the multiple
parameters influencing the polymer layer growth and
structure, the only way to find out the thickness
corresponding to a homogeneous CP layer of a given type
seems to be microscopic imaging of the surface. In fact, the
inhomogeneity of the polymer layer seems to be in the origin
of the building of metal particles with sizes in very different
scales (e.g., nanometer-sized and micrometer-sized) simul-
taneously observed on the polymer surface. The role of the
microdefects and thickness of the CP layers for the
electrochemical nucleation and growth of metal particles
was extensively studied in our investigations on Cu
deposition in PANI [83, 84, 88] and POMA [94] and Ag
deposition in PANI [89].

By means of combined SEM and electrochemical
experiments and by using copper electrocrystallization for
decoration of the microdefects in the polymer layer, we
have studied the amount of microdefects in PANI layers
synthesized through potentiostatic, potentiodynamic, or
pulse potentiostatic experiments [83]. The observation of
metal crystals at two different size scales allowed identify-
ing the microdefects in the polymer structure. It was
established that the largest amount of defects (5×
105 cm−2) was found in potentiostatically synthesized
PANI, whereas using the pulse potentiostatic procedure
resulted in the lowest amount of microdefects (2.6×
104 cm−2) in the PANI structure.

In our investigations on Ag deposition in PANI [89], it
was found that for thin PANI layers with thickness below
0.3 μm, the electrodriven metal nucleation occurred on the
underlying metal surface through defects in the polymer
structure. For thicker PANI layers exceeding the 0.3 μm
thickness limit, the microdefects seemed to be leveled out

Fig. 5 SEM of copper crystals obtained by galvanostatic deposition of Cu at oxidized (a, c) and reduced (b) PANI layers. Copper crystals
interlocked in loose surface PANI formations (c) are observed only in oxidized PANI; j=−0.17 mAcm−2, Qred=20 mCcm−2
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and the silver crystals were formed preferentially at the
polymer/electrolyte interface.

Some elucidating results were obtained by comparing
chemically and electrochemically synthesized PANI layers
[88]. Although in both cases the obtained surface structure
was homogeneous at the microscopic level, the chemically
synthesized layers showed a rough surface with looser
structure whereas the electrochemically synthesized PANI
layers had a compact globular surface morphology. This
difference in surface structure resulted in a marked
difference with respect to the metal electrodeposition. The
chemically synthesized coatings allowed for an easy depo-
sition of equally sized copper crystals. The number of
crystals did not depend on the thickness of the PANI layer
except for very thin layers having microdefects. In contrast,
the copper deposition in electrochemically synthesized PANI
coatings was highly inhibited and resulted in the formation
of crystals with broad size distribution [83, 84]. The number
and size distribution of the metal crystals in the latter case
depended markedly on the PANI layer thickness.

Another example illustrating the role of both layer
thickness and surface structure provides the Cu/POMA
system [94]. It was found that for thin POMA layers
(<1 μm), irrespective of the electrosynthesis procedure
(potentiostatic, potentiodynamic, or pulse potentiostatic),
copper deposition proceeded in one and the same way
through the polymer porous structure (Fig. 6, gray lines).
For much thicker POMA layers (>1 μm), a marked
difference was found in the surface structure, depending
on the electrosynthesis procedure: a compact structure
characterized POMA layers synthesized through potentio-
dynamic cycling or potentiostatic pulses while a much
rougher surface structure was observed for POMA synthe-
sized in the potentiostatic way [94]. Apart from this effect,
there was also a marked difference in the initial reductive
behavior of the thick POMA layers (Fig. 6, black lines). As
a consequence, two different scenarios for copper nucle-
ation and growth seemed to operate: for POMA layers with
compact morphology remaining reduced in the course of
deposition (e.g., potentiodynamically synthesized POMA),
metal nucleation occurred most probably by impeded
transport of the metal ions through the polymer micropo-
rous structure, possibly at the underlying metal surface
(Fig. 4a). On the other hand, a larger extent of oxidation of
the POMA chains and a rough surface structure (as is the
case of potentiostatic POMA) resulted most probably in
preferential metal deposition on available conducting
polymer chains in the polymer structure.

A further example on the role of the CP surface structure
for the metal electrodeposition may be found in the studies
on Pt deposition in PANI [34]. The surface structure of the
PANI layers was influenced by using two different polymer
electrosynthesis procedures—galvanostatic and pulse gal-

vanostatic, resulting in granular and fibrilar morphologies
of the layers, respectively. In both cases, Pt particles with
size varying between 100 and 400 nm were observed; the
fibrilar, looser structure, however, offering a larger internal
surface for the deposition [34].

A comparative study demonstrating the role of the
surface structure of PANI layers for Pd particles electrode-
position was recently published by Mourato et al. [51]. Pd
particles were potentiostatically deposited from sulfate
solution in PANI layers differing in their surface morphol-
ogy and thickness. The AFM observations, carried out after
long-time potentiostatic experiments, revealed the presence
of nanometer-sized (50–90 nm) particles with relatively
narrow size distribution located on top of the PANI layer
with the more compact surface structure. The use of layers
with a rougher porous structure resulted in Pd particles with
larger size distribution (50–180 nm) located on the globular
PANI surface. Possible formation of metal clusters inside the
polymer matrix was also suggested in the latter case [51].

Source for metal reduction—metal anion complexes vs
metal cations

The involvement of metal anion complexes instead of the
corresponding metal cation in metal electrocrystallization is
a well-known approach in the practice of galvanic electro-
plating used for improving the characteristics of the metal
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coatings. Metal anion complexes are necessarily used for
the electrodeposition of metals such as Pt, Au, Ir, and Pd
(from chloride solutions). The special role of metal anion
complexes for the electrodeposition in CPs consists in the
possibility to involve them in the doping of the CP
materials (by replacing the preexisting anions or by
polymer synthesis in presence of these species). The
different electrodeposition techniques exploiting this possi-
bility are discussed further in the “Metal stabilization in
CPs as a preliminary step for metal electrocrystallization”
section.

There are few works dealing with anion complexes of
metals, which are otherwise typically used as cationic
species, e.g., silver thiocyanide for Ag electrodeposition in
PANI [54] and copper and nickel oxalates for Cu and Ni
electrodeposition in functionalized PPY [69, 80], none of
them providing comparison with the corresponding metal
cations deposition case.

In a series of studies [86, 87, 90], we have compared
copper and silver electrodeposition in PANI using dif-
ferent complex anions of Cu and Ag without allowing for
preliminary exchange of the doping anion in the CP
material.

In the case of copper deposition, electroreduction was
performed by using Cu–citrate [86] and Cu–oxalate [87]
anion complexes. Figure 7a shows the galvanostatic tran-
sients obtained during electroreduction in three copper-
containing (Cu2+, Cu–citrate, and Cu–oxalate) electrolytes
at PANI layers synthesized under one and the same con-
ditions and having equal reduction charge. As expected, the

use of copper anion complexes shifted the potential window
for metal deposition in the negative direction in comparison
to the corresponding cation. The galvanostatic curves
obtained in these experiments reflected the involvement of
several reduction reactions—reduction of metal ions, reduc-
tion of the CP layer itself, and also hydrogen reduction (for
the Cu2+ case). This complicated situation impeded the
attempts for quantitative interpretation of the galvanostatic
curves. Nevertheless, the comparison of galvanostatic meas-
urements in the presence and absence of the metal anion
complexes indicated qualitatively to the following [86, 87]:
The sharp maximum observed in the Cu–oxalate case
(Fig. 7a) gave evidence for a dominating process of metal
nucleation and growth with expanding surface of the
growing metal phase [135–138], although measurements in
supporting electrolyte showed that copper and PANI reduc-
tion proceeded in this case in parallel. The galvanostatic
curve, obtained in the Cu–citrate case (Fig. 7a), showed
inhibited metal nucleation and growth proceeding in a
completely reduced CP layer at high overpotentials (CP
reduction occurred before the initiation of the metal
reduction processes). Finally, the flat galvanostatic curve,
observed in the Cu2+ case at potentials corresponding to the
hydrogen reduction reaction in the acid copper cations
solution (Fig. 7a), indicated that small partial currents were
initially consumed for metal nucleation and growth, and this
process was significantly inhibited.

Similar effects were observed when using silver anion
complexes (Ag–thiosulfate and Ag–EDTA) instead of silver
cations (Fig. 7b) [90]. The sharp maximum observed in the
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Ag–thiosulfate case indicated metal nucleation and growth
starting after additional reduction (shoulder in the galvano-
static curve observed in the first 50 s) of the PANI layer.
Silver electroreduction in the cation-containing solution
occurred very close to equilibrium (EAg=Agþ

0 ¼ 0:68V) giving
evidence for an easy metal nucleation and growth process.
The galvanostatic curve obtained in the Ag–EDTA case with
initial shoulder and rounded maximum showed the parallel
involvement of PANI and metal ions reduction. These
qualitative observations were supported by measurements on
PANI-coated electrodes in corresponding supporting electro-
lytes in the absence of the metal anion complexes allowing to
follow the reductive behavior of the PANI layers alone [90].

The results obtained for both Cu/PANI and Ag/PANI
systems have shown that the various metal anion complexes
give rise to the shift of the potential window for metal
deposition in the negative direction; thus, allowing, in some
cases (e.g., Cu–citrate and Ag–thiosulfate), to separate the
polymer and the metal ions reduction process. In this
situation, metal nucleation and growth occurred at reduced
PANI layers and resulted in both cases in the formation of
small numbers (106 cm−2) of large (micrometer-sized)
crystals on the polymer surface (e.g., Fig. 8a). In some
cases, e.g., copper electroreduction in Cu–oxalate solution,
both metal ion and CP reduction proceeded in parallel; and
in this situation, a homogeneous surface distribution of a
large number (108 cm−2) of small (150 nm) copper particles

was obtained (Fig. 8b). Based on our investigations carried
out with PANI layers, it was difficult to identify the role of
the various ligands for the oxidation state of the CP layer,
the transport of the metal complex anions in the PANI layers,
and finally, for the growth shape of the metal crystals.
Further experiments, preferably involving CP layers with
pH-independent oxidation state and conductivity, are needed
to elucidate these points.

Metal stabilization in CPs as a preliminary step for metal
electrocrystallization

Studies on metal electrodeposition in CP-coated electrodes
have shown that the electrochemical reduction of metal ions
does not always result in crystallization alone but also in
the chemical stabilization of metal species in the volume of
the polymer layer. This effect and, in general, metal/CP
interactions were observed in several systems [91, 92, 103,
106, 120, 139–152] (see Table 1). In several cases [139–
149], evidence was obtained for the interaction of partially
reduced metal ions, e.g., Cu(I) or Au(I), to specific
(nitrogen or sulfur) sites of the polymer chains, resulting
in the formation of metal/polymer complexes. In our recent
investigations on copper electroreduction in PEDOT [91,
92], it was shown that by driving the process at constant
low overpotential, it became possible to introduce reduced
copper atoms in the polymer layers without building copper
crystals. The copper atoms were reversibly oxidized to Cu
(I) ions, the latter remaining captured inside the PEDOT
layer. To our knowledge, the incorporation of metal species
(ions and single atoms) in CPs was not intentionally used as a
starting point for the electrocrystallization of metal particles.

Such an attempt was carried out in the study on the role
of the PEDOT-stabilized Cu species for the copper electro-
crystallization process [93]. In this investigation, one-step
(direct crystallization at high overpotential) and two-step
(stabilization at low overpotential and subsequent crystal-
lization at high overpotential) experiments were performed.
Figure 9 shows the microscopic pictures of the surface of
PEDOT specimens obtained after directly applying a
crystallization overpotential (η=70 mV for 25 s) and after
a two-step electroreduction experiment (η=30 mV for 2 h
and η=70 mV for 20 s). It is evident that the presence of
stabilized species favors the copper electrocrystallization
process. It is difficult to specify whether the stabilized
copper atoms act directly as additional active sites for
copper crystallization or rather affect the polymer electronic
structure. Nevertheless, it is clear that, in all cases of metal
stabilization in CPs, this effect could be used for modifying
the polymer structure from both chemical and electronic
point of views and provides an additional, still unexplored
tool for influencing the characteristics of the deposited
metal particles.

Fig. 8 SEM of copper crystals obtained after galvanostatic deposition
using Cu–thiosulfate (a) and (b) Cu–oxalate solutions
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Metal particles electrodeposition method

In general, there are three basic approaches for electro-
depositing metal particles in CP layers:

1. Polymer electrosynthesis in the presence of metal ions.
This may result in the direct deposition of the metal
particles during synthesis [22, 47, 56] or complex metal
anions entrapment during the polymer electrosynthesis.
In the latter case, metal particles are formed in a
subsequent potentiostatic reduction step [21, 24, 36, 41].

2. Polymer layer electrosynthesis (in the absence of metal
ions) followed by metal electrodeposition. All usual
experimental techniques for producing metal deposits
on inert conducting substrates, e.g., potentiostatic,
galvanostatic, potentiodynamic, and also pulse tech-
niques, have been applied for the second metal deposition
step.

3. Incorporation of chemically synthesized colloidal metal
particles in the course of polymer layer electrosynthesis

[24, 36, 153–156] (see Table 1). This approach provides
the advantage to incorporate nanoparticles with prede-
fined characteristics.

A comparison between the results obtained by the first
two approaches mentioned above present the investigations
on Pd deposition in PANI [47] and Pt, Rh, Ru, Ir, and Pd
deposition in PPY [21, 24, 41, 45]. The first approach
resulted in metal particles with three-dimensional homoge-
neous distribution inside the polymer layer [21, 24, 41].
Increased amount of metal near the polymer/metal substrate
interface was observed in the Pd/PANI case [47]. The
second approach, carried out on oxidized CP layers,
typically resulted in preferential deposition on the outer
polymer surface [21, 24, 41, 47] in accordance with the
already discussed case of Cu deposition in oxidized PANI.
Only in the case of thin (about 0.1 μm) PPY layers no
difference in the depth profile of the distributed Pd particles
was observed [45].

As far as the different techniques for metal electrodepo-
sition within the second approach are concerned, the
galvanostatic approach [41, 83, 84, 86–88, 91, 94] provides
the possibility to get a qualitative insight into the
participation of parallel reduction processes. At the same
time, in galvanostatic experiments, the growth of the metal
particles occurs under varying overpotential and may result
in broader size distributions and various growth shapes of
the metal crystals. Potentiostatic deposition (e.g., [46, 49,
51, 53, 84, 85, 87, 89, 92, 93]), on the other hand, allows
driving the electrochemical growth of the metal crystals at
constant overpotential and offers the possibility for initiat-
ing instantaneous nucleation. This would result in narrower
size distributions of the metal particles and in low over-
potential experiments in equilibrium-shaped crystals. An-
other advantage of the potentiostatic technique is that it
provides, in the rule, additional information on the kinetics
of the metal nucleation and growth. The theoretical
modeling of potentiostatic current transients obtained in
the course of metal electrocrystallization in CPs encounters,
however, specific difficulties due to the fact that the usually
addressed models [157–158] refer to nucleation on a flat
conducting substrate and to electrochemical growth involv-
ing a simple one-step electron transfer for the reduction of
metal cations to metal atoms. Thus, if the internal polymer
surface of the layer becomes involved in the metal particles
nucleation and growth and/or additional reduction processes
(e.g., CP reduction or metal ions reduction resulting in metal-
CP stabilization) proceed in parallel with the metal ions
reduction involved in the electrocrystallization process, the
applications of these models is rather questionable. Another
effect, which may compromise the adequate modeling of
experimental current transients, is the possible interference
of electroless precipitation occurring before or in the initial

Fig. 9 SEM of Cu–PEDOT specimens obtained after one-step (a) and
two-step (b) potentiostatic experiments
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stage of the electrodeposition process (see the “Electroless
precipitation of metals in CPs” section). Nevertheless, for
very thin CP layers, the modeling of potentiostatic current
transients by existing model equations for the current seems
to be justified [46, 53]. For thicker layers, the parallel CP
reduction could be taken into account by making reference
measurements in the absence of metal ions and correcting
the metal electrocrystallization current transients [51, 89] or
by fixing the initial oxidation state of the CP layer through
appropriate potentiostatic preconditioning [85, 87]. These
approaches resulted in reasonable modeling of the current
transients of silver and copper electrocrystallization in PANI
[84, 87, 89].

The various attempts to involve potentiostatic [29–31,
39, 48, 62, 68] or galvanostatic [34, 56] pulse methods for
metal electrocrystallization in presynthesized CP layers
turned out to be appropriate for keeping the CP layer in
the oxidized state or limiting the growth stage and thus
keeping the size of the metal particles in the nanoscale. The
comparison of potentiostatic and pulse potentiostatic tech-
nique for Pt electrodeposition in PANI [30] showed a
preferential deposition of the metallic phase at the polymer
surface for the potentiostatic technique against an efficient
dispersion of the Pt in the polymer matrix, obtained by the
pulse technique.

Finally, another interesting method for depositing nano-
particles in CPs (not fitting within the three approaches
mentioned above) was recently suggested for the Au/PANI
system by Smith et al. [60, 61]. This approach involved the
deposition of a thin, sacrificial Au layer on a Pt substrate,
electropolymerization of PANI on the Au-plated substrate,
gold oxidation in chloride solution, and finally, reduction of
the AuCl4− complexes entrapped in the PANI structure.
Thus, gold/PANI free-standing composite films were
produced [60, 61].

Electroless precipitation of metals in CPs

Electroless precipitation in conducting polymer materials is
based on the intrinsic ability of CPs to occupy different
interconvertible oxidation states and couples following
reactions:

Menþ þ ne� ! Me0 ð1Þ

CPmþ ! CP mþnð Þþ þ ne� ð2Þ
where n is the number of electrons exchanged for reducing
a single metal ion and m denotes the extent of initial
oxidation of the CP material.

This process proceeds in both acidic [96–99, 101, 104,
106, 109, 112–114, 117, 118, 120, 121, 123, 125] and

neutral aqueous solutions [103, 113, 114, 122–126] and
was also investigated for CP materials dissolved in organic
solvents [105, 110, 111, 113, 115, 116, 125]. In acidic
solutions, electroless precipitation in PANI and PPY layers
proceeds as a self-sustained process due to the initial
deprotonation (and oxidation) and subsequent spontaneous
reprotonation (and reduction) of the nitrogen sites in these
polymers (see, e.g., [96, 97, 101]). This process was
extensively studied in the case of Pd precipitation in PANI
[104, 106, 107, 110] and POMA [121].

Electroless precipitation was used as a tool for producing
metal deposit in supported CP layers, films, and membranes
in a number of cases [50, 90, 95, 101–103, 112, 116–120,
122, 123, 126, 127] (see Table 1). These investigations give
insight into the role of several factors influencing the
electroless precipitation process:

Initial oxidation state of the CP layers

The initial oxidation state of the CP layer, which may be
modified either through chemical or electrochemical pre-
treatment, is of primer importance for the occurrence and
driving force of the electroless precipitation process. There
are several studies addressing the electroless metal precip-
itation in chemically reduced CPs [106, 109, 112, 116,
120]. Comparative studies of metal electroless precipitation
by using different oxidation states of PANI and PPY films
showed effective electroless deposition of Pd in fully
reduced leucoemeraldine PANI [109] and fully reduced
PPY [112].

Electrochemical reductive pretreatment of supported CP
layers in the absence of metal ions and subsequent dipping
in the metal-plating solution was carried out in several
cases [4, 50, 90, 95, 103, 118]. In this way, the precipitation
process was driven by a larger potential difference between
the initial dipping OCP and the equilibrium potential of the
specific metal in the corresponding metal ion plating
solution. In our studies on Ag electroless precipitation in
PANI [90], this approach provided the opportunity for the
formation of homogeneously distributed metal nanopar-
ticles on the polymer surface within several minutes. It was
shown that the reduction charge of the polymer layer and
the dipping time are suitable parameters providing effective
control over the amount of precipitated metal.

Although the acidity of the plating electrolyte is also
influencing the oxidation state of the CP materials such as
PANI and PPY, little attention has been so far paid to the
role of this parameter for the characteristics of the
precipitated metal particles. In the case of PANI and PPY,
silver recovery was found to proceed more effectively in
near neutral than in strongly acidic solutions [123]. Based
on comparative investigations in the PANI/gold system by
using PANI exchanged with HBF4 or CHOOH, Smith et al.
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[117] draw attention to the strength of the acids initially
incorporated in the CP layer for the characteristics of the
metal deposit. In the same line are the recent investiga-
tions of Wang et al. [127], demonstrating the effect of the
doping anion, available in the CP layer, on the micro-
scopic picture of the Ag deposit in PANI. A large variety
of growth shapes and sizes of the precipitated silver
crystals was observed by doping PANI layers with hydro-
chloric, mandelic, citric, p-toluenesulfonic, trifluroacetic,
and phosphoric acids [127]. Nevertheless, systematic
studies are needed to understand the role of the acidity
of the plating electrolyte and type of doping anion and
employ these factors as a tool for influencing the char-
acteristics of the metal deposit.

Role of the surface morphology of the CP layers

PANI layers with different surface structures (produced
through various potentiodynamic polymerization regimes)
were used for the electroless precipitation of Pd by Mourato
et al. [118]. It was found that, for the more compact PANI
surface, Pd clusters with an average size of 20 nm and also
larger clusters with size distribution (80–200 nm) were
precipitated. For the more porous PANI structure, smaller
clusters (15 nm) with very narrow size distribution were
observed together with larger clusters in the 100- to 200-nm
scale. With this exception, the role of the surface
morphology of the CP layers for electroless metal precip-
itation was not addressed.

Concentration of the metal ions plating solution

The concentration of the metal-plating solution is a useful
tool allowing to switch the rate-determining step of the
precipitation reaction between transport limitations of the
metal ions in the solution (for low concentrations) and CP-
based kinetic limitations (for high concentrations) [126]. A
clear illustration of this effect provided the Ag/PANI system
[90]. Using low metal ions concentration (0.2 mM) and
relatively short dipping times allowed fixing the amount of
deposited silver, irrespective of the PANI layers redox
charge [90]. On the other hand, by keeping the amount of
deposited Ag one and the same, and using different metal
ions concentrations (2 mM and 10 mM), it was possible to
affect the number density and size distribution of the metal
particles. At the higher concentration, a lower number of
almost equally sized Ag particles (Fig. 10a) was formed, a
situation corresponding to the instantaneous nucleation of
the metal particles. Reducing the concentration of the metal
anion species present in the solution slowed down the metal
nucleation and growth process and resulted in the appear-
ance of a higher number of Ag particles with broader size
distribution (Fig. 10b).

Comparison between electroless and electrodriven metal
particles deposition

To our knowledge, there are no relevant comparative
studies of the metal deposit obtained through electrodriven
deposition and electroless precipitation under fully compa-
rable conditions. A comparative investigation, carried out in
the case of Pd deposition in PANI [50], showed a larger
number of equally sized crystals for the electrodeposition
case against a smaller particle number with broader size
distribution for the electroless precipitation case. However,
these results were obtained by using palladium solutions
with different acidity, concentration, and counter ion; and
thus, it is difficult to identify a single factor responsible for
this result.

In general, the basic advantage of metal electroless
precipitation over metal electrodeposition seems to be the
possibility to eliminate the role of structural microdefects
available in the CP layer. The most favorable sites for metal
particles precipitation are those where the polymer structure
becomes readily oxidized. Thus, the polymer morphology

Fig. 10 SEM of Ag/PANI specimens obtained by electroless
precipitation in Ag–EDTA solution with two concentrations: a
10 mM and b 2 mM; Qred=42 mCcm−2
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is again of primer importance, but instead of the defects, the
active sites for nucleation are most probably polymer
chains with higher extent of conjugation and order. Further
investigations are needed to identify the active sites for
nucleation for electrodriven and electroless metal deposi-
tion and relate them to the local morphology and
conductivity characteristics of the CP layers.

Conclusions

The discussion of the results on metal electrodeposition in
conducting polymer layers presented in this paper points
out to the following specific aspects of this process:

1. The electroreduction of metal ions in conducting
polymer layers is often accompanied by CPs intrinsic
reductive processes, providing, in general, a situation
quite different from the electrodeposition of metal
particles on inert substrates. The overlapping of
potential windows corresponding to the different
reduction processes becomes easily discernible by
means of galvanostatic experiments. In this specific
situation, it is often difficult to carry out kinetic studies
(e.g., through potentiostatic experiments) on electro-
chemical nucleation and growth. In many cases, the
application of theoretical models for the initial stages of
metal electrocrystallization for the interpretation of
experimentally obtained current transients is compli-
cated due to the interference of parallel electrochemical
processes and the involvement of the internal polymer
structure in the nucleation and growth process.

2. In the case of electrodriven deposition, the conductivity
and morphology characteristics (surface homogeneity,
amount of defects, density, and roughness of the
polymer structure) of the CP layers determine, in
combination, the location of the deposited metal
particles. In general, the larger the CP surface inhomo-
geneity and roughness, the larger the role of the
underlying substrate for the metal nucleation and
growth process may become.

3. The application of various techniques for the metal
particles electrodeposition in morphologically homo-
geneous CP layers may be used for influencing the
location of the metal deposit. Polymer electrosynthesis
in the presence of metal ions results in the rule in metal
particles distributed in the bulk of the CP layer whereas
electrodeposition carried out in a separate step, after CP
synthesis, provides usually preferential deposition at
the polymer/solution interface. Pulse metal electrode-
position methods are prospective tools to be further
used for influencing the location of the metal deposit in
readily polymerized CP layers.

4. The involvement of various metal anion complexes,
instead of the corresponding cations, in metal particles
electrodeposition in CP layers opens a new and yet
little explored approach for influencing the character-
istics of the metal deposit. Further experimentation is
needed to understand how the different ligands interact
with the polymer matrix, influence the metal ions
transport through the polymer structure, and affect the
metal nucleation and growth process.

5. In the case of electroless metal precipitation, the local
intrinsic characteristics (extent of oxidation and order-
ing of the polymer chains) of the polymer surface are of
major importance whereas the underlying electrode
substrates is not involved in the process. Bearing in
mind the possibility for electrochemical control over
the amount and size distribution of the precipitated
metal particles, electroless precipitation seems to be a
suitable alternative to the conventional electrodriven
electrocrystallization, especially for practical applica-
tions. Several factors, such as the role of surface
morphology, conductivity of the CP layers, acidity,
type of the compensating anion or metal ligand, and
concentration of the plating solutions, need to be
studied in further details to achieve better understand-
ing and control over the process. Combining of
electroless precipitation and electrodriven deposition
opens new still unexplored prospects for metal modi-
fication of CPs. Based on such an approach, first
attempts for bimetal (Cu and Pd) modification of
PEDOT layers were recently communicated [95].

Finally, it is my hope that the discussion of results and
specific aspects outlined in this paper will provoke further
studies on metal deposition in conducting polymers coat-
ings and help in eventually solving practical problems
related to the distribution of large amounts of small metal
particles in CP layers.
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