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Abstract

Copper deposition at polyaniline (PAN) coated electrodes is studied using copper oxalate complexes as reducing
species. It is found that a high number (3.4 x 10% cm~?) of single sized (~150 nm), regular shaped crystals can be
obtained. Statistical analysis of the distances between neighbouring crystals shows deviation from a random surface
distribution. This finding is discussed both in terms of origin and overlap of nucleation exclusion zones and of the
influence of the finite size of the copper crystals. Experiments performed under potentiostatic conditions give
evidence for instantaneous copper nucleation and growth under phase boundary transition limitations. Results
concerning number, size and shape of copper crystals deposited in a similar way using three different reducing
species (i.e., copper cations, copper citrate and copper oxalate complex anions) are compared. It is established that
the copper oxalate complex anions allow for deposition of the largest number of small metal crystals. This result is
related to both the initial oxidation state of the PAN layer in the oxalate solution and to the specific properties of

the anion complex.

1. Introduction

Although of common use in metal plating, metal ion
complexes have not so far been studied with respect to
their effect on metal electrodeposition in conducting
polymer layers. Anion complexes of noble metals were
often used as the only available source for metal
reduction (e.g., [1-13]). In some cases [l, 2, 6-8] Pt, Pd
and Rh complex anions have been employed with the
special intention of binding the anionic species to the
partial positive charge of the polymer chains and
making effective the next step of metal reduction in
the bulk of the polymer layer. In all these investigations
there was no possibility for comparing the electrodepo-
sition using cataionic and complex anionic species of
one and the same metal and thus for clarifying the
specific role of the anionic complexes. However, this
could be easily done with other metals (e.g., copper or
silver), offering the possibility to use both the non-
complexed metal cation and a large variety of complex
metal ions. To our knowledge, little use of this strategy
has been made so far.

Copper electrodeposition in functionalized polypy-
rrole using a copper oxalate solution was studied by
Zouaoui et al. [14]. The exchange of the anionic species

bound at the polymer chains with copper oxalate anions
was carried out in a preliminary step and was followed
by electroreduction of the copper anionic species. It was
found that the deposited metal particles range from 50—
100 up to 300 nm and are formed by initial nucleation at
the polymer/underlying carbon interface and further
growth through the polypyrrole film [14]. However, in
this case, too, no direct comparison was performed with
the deposition of copper in the same polymer layers
using copper cations as reducing species.

In the first part of our study [15] we explored the
influence of the copper citrate anions on the copper
deposition in polyaniline (PAN). The results were
compared to previous investigation on copper deposi-
tion from a copper sulfate solution [16]. It was found
that making use of copper citrate anions allows shifting
of the metal deposition potential window and resolving
metal and polymer reduction. A strong inhibition of the
electrodeposition was also observed and only a small
amount of copper could be incorporated in the poly-
aniline layers. Different effects were suggested as possi-
ble reasons for the results [15]. To outline further the
specific role of anionic complexes for metal electro-
deposition in conducting polymer layers, copper oxalate
anions are used as reducing species for the copper
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plating process in the present study. Copper oxalate
anions have different stability and size in comparison to
the copper citrate complex anions used previously.

2. Experimental details

Details of the experimental set-up and equipment were
described in the first part of this study. The only
difference concerns the solution used for copper depo-
sition. In the present study an aqueous solution of
0.02 M CuSOy, 0.06 M Na,C,04 and 0.344 M K,SO, at
pH 6.5 was employed. As in the case of Zouaoui et al.
[14], at this pH value and solution composition the
oxalate complex [Cu(C,O04),]>~ (denoted further as
CuOx,) is the dominating species. According to [17],
the stability constant of the CuOx, complex is
log K, = 9.21 and is thus definitely higher than the
stability constant of the copper citrate complex (log
K; = 5.9) used in the first part of this study. Besides,
from a structural point of view CuOx, builds a
dioxalatecuprate ion [18] (Structure 1) which should be
larger then the copper citrate aqua complex.
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Structure 1.

The equilibrium potential of copper in the copper
oxalate solution was measured to be E(()C“/ Cu0x) _
—0.547 V vs MSE and is thus close to the equilibrium

potential of the Cu/Cu-citrate couple.
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All experiments were performed at PAN layers with
one and the same reduction charge, O°AN = 20 mC cm 2.

3. Results and discussion
3.1. Potentiodynamic and galvanostatic experiments

Figure 1 shows potentiodynamic curves (first scans)
measured at oxidized PAN coated electrodes in support-
ing electrolytes (K,SO4 + Na,C,04 and K,SO, alone)
and in the copper oxalate solution. In the presence of
oxalate anions the reduction wave of the PAN layers is
slightly shifted in the negative direction compared to the
K,SO, solution alone. Thus, in contrast to the citrate
anions which make reduction easier (Figure 1, Part I),
oxalate anions inhibit this process. As a consequence,
copper and PAN reduction potential windows overlap to
a certain extent in the copper oxalate solution (compare
full and dashed lines in Figure 1). This situation seems to
be closer to deposition from acid copper sulfate than to
that from copper citrate solution. To explore further the
exact potential window for copper deposition, galvano-
static reduction was performed at both oxidised and
initially reduced (in acid solution) PAN coated electrodes
(Figure 2). It is evident that copper deposition in this
solution also requires high overpotentials. However, in
comparison to copper citrate solution, the overpotentials
are about 100 mV lower and maxima also giving
evidence for a typical nucleation and growth process
appear even for thick PAN coatings. Thus, although
with higher stability and, presumably, larger size, copper
oxalate complexes give a more efficient metal deposition
process than copper citrate complexes. This is an
unexpected result demonstrating that the characteristics
of the complex anions alone are not always of major
importance. Other factors, such as exact oxidation state
of the polymer layers at the beginning of metal deposi-
tion very probably play a significant role in the overall
plating process.
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Fig. 1. Potentiodynamic curves measured at a PAN coated electrode in the copper oxalate solution (—), in 0.344 M K,SO,4 + 0.06 Na,Ox (---)

and in 0.344 M K,SOy (- - -) solutions.
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Fig. 2. Galvanostatic copper deposition curves measured at (a) reduced and (b) oxidized PAN coated electrodes. Dashed line denotes
galvanostatic curve measured in supporting electrolyte (K,SO, + Na,Ox) at the reduced PAN layer. (Reduction of the PAN layer occurred in

acid 0.5 M H,SOy, solution.)

I/ A

-0.3

E/V

Fig. 3. Copper oxidation curves registered after galvanostatic deposition at the reduced (a) and oxidised (b) PAN coated electrodes.

As in our previous study, after galvanostatic deposi-
tion, anodic sweep curves were measured at a slow scan
rate (Figure 3). A single well resolved copper oxidation
peak (centered at about —0.270 V) was found for both
oxidised and initially reduced PAN layers even for large
amounts of deposited copper. This peak overlaps with the
second, most positive oxidation peak registered in the
case of deposition from the copper citrate solution. In
contrast to the copper citrate case, with increasing
amount of deposited copper this single oxidation peak
also grows further and no other (more negative) oxida-
tion peak emerges. Thus, larger amounts of copper may
be incorporated into the polymer layer and a single kind
of copper species is formed at the PAN coated electrode.

3.2. SEM observation and statistical analysis of the
crystal surface distribution

Evidence was obtained by SEM observation of Cu/PAN
specimens prepared by galvanostatic deposition in the

copper oxalate solution (Figure 4). The copper deposit
consists of a high number of regularly shaped crystals of
approximately equal size (150 nm). Their number den-
sity (3.4 x 10® cm ™) is two orders of magnitude higher
than that in the citrate case. Statistical analysis of the
distances between first and second neighbouring crystals
was performed. The data (Figure 5) show a deviation of
the experimental hystograms from the Poissonian pre-
diction, the latter being valid for the case of a two-
dimensional surface random distribution. Most often
such a deviation is discussed in terms of appearance and
overlap of the so called nucleation exclusion zones, or
zones of reduced overpotential (ZRO) arising around
growing crystals [19-23]. It is known that in the course
of a progressive nucleation process the nucleation
probability diminishes in the close vicinity of existing
crystals due to ZRO. Thus, active sites covered by ZRO
cannot be used for nucleation and the number of
crystals remains smaller than the number of available
active sites for metal deposition. Consequently, the
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Fig. 4. SEM of copper crystals obtained by galvanostatic deposition at
an oxidized PAN layer.

crystal surface distribution deviates from a random
distribution. However, if all metal crystals appear simul-
taneously (i.e., instantaneous nucleation), all active sites
should be occupied at once and effects originating from
the later stage of crystal growth should not affect the
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crystal number and surface distribution. Therefore, the
deviation from Poissonian behaviour established in
these experiments should mean that the nucleation
process is progressive and ZRO affects the advanced
stage of nucleation. This seems, however, to contradict
the experimental observation showing that almost all
crystals have the same size (Figure 4), which is evidence
for instantaneous nucleation. To clarify this problem
the kinetics of the nucleation process was studied by
means of potentiostatic current transients.

3.3. Nucleation kinetics through potentiostatic experiments

It was found that initiation of copper nucleation and
growth occurs at low negative potentials, starting from
—0.73 V. Coming back to the galvanostatic deposition
curves (Figure 2), this means that, at least for E <
—0.73 V, current is consumed for both residual reduc-
tion of the PAN layer and copper deposition. However,
the similarity of shape of both supporting electrolyte
and copper containing solution curves indicates that the
current up to E=-1.0V is mainly consumed in
residual reduction of the polymer layer. Thus, copper
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Fig. 5. Experimental (histograms) and Poissonian (full lines) distributions of the distances between first (a) and second (b) neighbouring crystals.
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Fig. 6. Potentiostatic current transients of copper deposition obtained at different potentials.
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Fig. 7. Linearization of the initial parts of the current transients in Figure 6.
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Fig. 8. Copper oxidation after galvanostatic deposition performed with different metal reducing species: (—) Cu®", (- - -) CuCit and CuOx5 (- - ).
crystals appear at low overpotentials. Their growth is Figure 6 shows a set of potentiostaic current transients

slow and accompanied by a parallel change in the taken at different potentials at PAN coated electrodes at
oxidation state of the polymer layer. the same ch’?iN. Obtaining reproducible results in these
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experiments was a tedious task, most probably due to the
difficulties in reproducing the polymer structure in each
experiment and fixing the same initial oxidation state of
the PAN layer. Better results were obtained by using a
two step reduction procedure consisting of initial reduc-
tion at —0.66 V in the acid solution (0.5 M H,SO,)
followed by further reduction at —0.55 V in the copper
oxalate solution. The next step was to apply a copper
deposition pulse. The initial parts of the transients in
Figure 6 can be linearized in I'* against ¢ coordinates
(Figure 7). As already discussed in our earlier study [16],
such an 7/t relationship corresponds to the case of
instantaneous nucleation and 3D growth of crystals
under phase boundary transition limitations.

The results obtained so far from the potentiostatic
study of copper deposition in PAN agree with the
microscopic observation giving evidence for instanta-
neous nucleation of copper crystals in PAN. Therefore,
the observed deviation of the surface distribution of
copper crystals from a random one cannot be attributed
to the effect of ZRO. There are two further possible
reasons for such a deviation: first, Poisson distributions
are strictly valid for point-like objects with zero dimen-
sion and, second, the active sites for nucleation could
have a non-random distribution. To assume a more or
less ordered distribution of active sites in a non-ordered,
amorphous polymer layer seems to be unrealistic. The
first reason, mentioned above could, however, apply to
explain our results. Indeed, the mean distance between
the first neighbouring crystals (315 nm) is only twice as
large as the average size of the crystals (d,,. = 150 nm).
It is obvious that distances smaller then d,,. will be
missing in the distribution (Figure 5). Thus, the finite
size of the crystal, which is comparable with the mean
distance between neighbouring crystals, is the probable
reason for the discrepancy with the Poisson distribution
law observed.

3.4. Comparison of copper deposition from acid copper
sulfate, copper citrate and copper oxalate solutions

The use of the three different copper containing solu-
tions allows copper deposits differing highly in number
density, size, location and morphology to be obtained.
This can be easily assessed by means of the copper
oxidation curves (obtained after galvanostatic deposi-
tion of equal quantities of copper in the three solutions
studied, Figure 8) and corresponding scanning electron
micrographs (Figure 9). As can be seen in Figure 8, only
in the case of copper citrate does a more negative copper
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Fig. 9. SEMs of Cu/PAN specimens obtained after galvanostatic
deposition by using different reducing species: (a) Cu®", (b) CuCit and
(c) CuOx,.

dissolution peak arise; this is attributable to the presence
of large hemispherical, highly defective crystals located
on top of the polymer layer. The single well-resolved
peak characterising the oxidation of the metal deposit
obtained from the oxalate solution corresponds to the

Table 1. Characteristics of the copper crystals obtained at PAN coated electrodes

Reducing species Morphology Mean size Mean distance Number of crystals
/pm /pm per cm?

CuCit spherical crystals 0.3-1.5 2.60 3.6 x 10°

CuOx, regular shaped crystals 0.15 0.31 3.4 %108

Cu?* spherical crystals 0.2-2.0 0.47 1.3 x 108




single sized crystals with high number density. As for the
usual case of copper sulfate solution, copper is deposited
most probably even in the finest porous structure of the
PAN layers, which results in a very large positively
shifted peak with current spikes at potentials as high as
+0.1. V [16]. Looking at the micrographs (Figure 8), it
becomes evident that the greatest number of small single
sized crystals is obtained in the copper oxalate solution.
A summary of the data concerning the number density,
average size, mean distance and shape of copper crystals
obtained in a similar way in the three solutions is given
in Table 1. Obviously, copper deposition from the
oxalate solution is best suited for dispersing of a large
number of small monosized copper particles.

4. Conclusions

The investigations presented in both parts of this study
demonstrate the possibility to influence markedly the
metal deposition process in conducting polymer layers
by use of metal ion complexes. Copper crystals with
different morphology and number densities varying by
more than two orders of magnitude could be deposited
in/at polyaniline layers depending on the source for
metal reduction. Different amounts of copper could also
be incorporated in the polymer layer.

The comparison between the two complex copper
anions shows that, in the system under consideration, the
stability and size of the complex does not play a decisive
role. It is rather the interference of two reduction
processes: reduction of the polymer layer itself and
reduction of the metal ionic species that makes the
difference. In fact, the initial oxidation state of the
polymer layer is highly dependent on both potential and
solution composition (i.e., pH and type of anions). As
already shown, in the case of citrate anions, PAN layers
undergo reduction before the onset of metal deposition.
On the other hand, in the presence of oxalate anions
polymer reduction and initial metal deposition go in
parallel. It is worth pointing out here that PAN reduction
at pH 6.0-6.5 results in the deprotonated, neutral leuco-
emeraldine state [24] and is very likely accompanied by
compression of the polymer structure and expulsion of
anions and water molecules. So, the reduced layer should
be compact and less permeable for diffusion of large
anion complexes. In contrast, the oxidised PAN struc-
ture, as obtained in the acid solution, is in the protonated
emeraldine state and has positive charges. This allows for
an easier transport of anion complexes inside the layer.
This is also valid for PAN initially reduced in the acid
solution, which retains its positive charge in the proto-
nated leucoemeraldine state. Apart from this important
difference, additional peculiarities may arise due to the
necessary diffusion of anions released after reduction of
the metal complex, out of the polymer layer. This
transport should be inhibited for large anions in the
compressed PAN structure and be easier for smaller
anions in the still partially oxidized PAN layer. Bearing
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in mind that the single oxalate ion is smaller than the
citrate one, this is probably another reason for the easier
copper deposition from oxalate complex anions.

Thus, it is evident that the interplay between the
oxidation and structural state of the polymer layers and
the size and stability of the metal ion complex and its
anion constituents should offer a large variety of
possibilities for influencing metal deposition in conduct-
ing polymer layers.
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