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Electroless deposition of silver on poly(3,4-ethylenedioxythiophene) obtained in the
presence of polystyrene sulfonate or dodecyl sulfate ions — effect of polymer layer
thickness
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Poly(3,4-ethylenedioxythiophene) (PEDOT) layers are electrochemically synthesized in the presence of excess of
perchlorate ions and either polystyrene sulfonate (PSS) or dodecyl sulfate (DDS) as co-doping ions. Electroless
deposition of silver is studied in two silver plating solutions containing Ag* cations or [AgEDTA]®* anion complexes.
The electroless reduction of metal ions occurs at the expense of oxidation of mildly pre-reduced PEDOT/PSS and
PEDOT/DDS layers with different thickness. It is established that the amount of deposited silver, Qag depends linearly
on thickness with steeper dependence obtained in solution of silver anion complexes in comparison to silver cations. At
constant thickness, Qag depends on the type of PEDOT layers with PEDOT/DDS providing higher Qag, especially in
[AgEDTA]* solution. The results are discussed in terms of limited diffusion of [AgEDTA]* ions inside the polymer
structure, possible switching of the rate determining step from diffusion (in the Ag* case) to charge transfer across the
polymer layer (in the [AgEDTA]®* case), and expected organic ions-induced difference in the internal PEDOT structure.
SEM images reveal the possibility to affect markedly the number, size and size distribution of the metallic particles. In
terms of homogeneous surface coverage with small monodisperse silver particles best results are obtained with thin
PEDOT/PSS|Ag* and thick PEDOT/DDS|[AGEDTA]® layers.
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INTRODUCTION

Conducting polymers (CP) are often used as
supporting materials for metal particles deposition
due to their high electrical conductivity, well
developed surface and opportunities for using
different chemical and electrochemical deposition
techniques to obtain well dispersed metal phase
(see [1-6] and literature cited there in). Along with
the conventional chemical deposition approach
based on metal ions reduction occurring at the
expense of oxidation of dissolved reductant species,
CPs present another opportunity to drive electroless
metal deposition in a way that is close to the
immersion techniques for chemical deposition [2,
6]. This method is based on the intrinsic ability of
CPs to occupy different interconvertible oxidation
states and couples, following reactions:

Me™ + ne” — Me? Q)
CP™ — CPM™M* 4 ne )

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. For
instance, if pre-reducing polyaniline (PANI) in the
leucoemeraldine state and immersing it in solution
of metal ions with positive enough equilibrium
potential, such as silver or palladium, PANI will
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undergo oxidative transition to the emeraldine state.
This oxidative transition will go in parallel with
reduction of the corresponding metal ions. Apart
from complete transition between two chemically
different oxidation states, electroless metal
deposition may occur also in the potential region,
where CPs show only pseudo-capacitive behavior
characterized with different amount of oxidized
monomeric units within one and the same formal
oxidation state. In any case the amount of deposited
metal phase is limited by the available intrinsic
redox charge of the CP layers and depends on the
extent of CP initial reduction and the amount of the
polymer material. In general, smaller amounts of
intrinsic CP redox charge are involved in
electroless metal deposition when working in the
pseudo-capacitive potential region and thus, smaller
amounts of metal become dispersed in the CP
material.

Silver-modified CP-based electrodes have been
recently intensively investigated for various
applications, such as solar cells [7, 8],
electrochromic devices [9], sensing applications
[10, 11], Surface Enhanced Raman Spectroscopy
(SERS) substrates [12], etc. Silver is considered
also as an antimicrobial agent that becomes easily
combined with polymeric materials [13, 14]. For all
these applications the way of dispersing the silver
phase is of utmost importance. Silver electroless

© 2017 Bulgarian Academy ofSciences, Union of Chemists in Bulgaria


mailto:tsakova@ipc.bas.bg

V.I. Karabozhikova& V.Ts. Tsakova:Electroless deposition of silver on poly(3,4-ethylenedioxythiophene)...

deposition at the expense of CP oxidation was
studied mainly for PANI [15-25] and polypyrrole
[17, 25-30]. Few studies address silver electroless
deposition  on  polythiophenes, such  as
polyalkylthiophenes [31, 32] and poly(3,4-
ethylenedioxythiophene) (PEDOT) [30, 33],
although the latter is one of the most studied CP
material. The investigations so far performed
concern PEDOT layers obtained in aqueous
solutions containing either perchlorate or nitrate
ions. It is known that PEDOT is very often
synthesized in the presence of organic anions such
as polystyrene sulfonate (PSS) or dodecyl sulfate
(DDS) which act as both surfactant and doping
species and affect markedly the CP properties.

The aim of the present investigation is to study
the dependence of the amount and type of
electroless deposited silver on the thickness of
PEDOT layers, synthesized in the presence of PSS
or DDS ions. A further goal concerns the
comparison between electroless deposition from
plating solutions containing two different silver
ionic species - silver cations and silver complex
anions. In all cases, before immersion in the silver
plating solution, PEDOT is subjected to mild
reduction in the pseudocapacitive potential region
for this polymer, in order to limit the amount of
deposited silver. This investigation is a further
extension of a series of studies [34-37] trying to
elucidate the effect of the co-doping organic anions,
used in the course of synthesis of PEDOT, for
various characteristics of the polymer layers, such
as surface morphology, electroanalytical sensitivity
and selectivity with respect to oxidation of organic
species and electrochemical and electroless metal
deposition.

EXPERIMENTAL

The electrochemical experiments were carried
out by means of Autolab PGSTAT 12
potentiostat/galvanostat equipped with GPES
software (Eco Chemie, Utrecht, the Netherlands). A
three electrode set-up was used with glassy carbon
disk as working electrode (with surface area S =
0.08 cm?) and a platinum plate as counter electrode.
The  reference  electrode  was  saturated
mercury/mercury  sulfate (Hg/HgSO4/0.5 M
K>S0,) electrode (MSE). Emse = 0.66 V vs standard
hydrogen electrode. All potentials in the text and
figures refer to MSE. Argon gas was used to
remove dissolved oxygen from the electrolyte
solutions before electrochemical measurements.

Electrochemical polymerization of EDOT was
performed at constant potential E.= 0.38 V in
aqueous solutions of 10 mM EDQT, 0.5 M LiClO4
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and 34 mM organic anionic dopants - sodium PSS
or sodium DDS. The PEDOT coatings obtained in
the presence of the organic dopants will be further
denoted by PEDOT/PSS and PEDOT/DDS,
respectively. The thickness of the PEDOT layers
was varied by using different polymerization times
and fixing the polymerization charges at Qpoy=1, 2
or 4 mC.

Electroless deposition of silver was carried out
at pre-reduced PEDOT layers. The electrochemical
reduction was accomplished in supporting
electrolyte (0.4 M HCIO,) at constant potential (-
0.62 V for 15 min), corresponding to the high
conducting state of PEDOT. The reduced PEDOT-
coated electrodes were transferred in the silver
plating solution consisting of either 10 mM AgNO3;
and 0.4 M HCIO4, or 10 mM AgNOQOs 0.02 M
NazC10H1403N2 (NaEDTA) and 0.5 M KNO3. In the
latter solution the silver species form [AgEDTA]*
anionic complexes [16]. The equilibrium potentials
of silver in these solutions are E°= -0.002 V vs
MSE for Ag* and E° = -0.040 V vs MSE for
[AGEDTA]*. The time for silver electroless
precipitation was set at 50 s. After each silver
deposition experiment silver was dissolved in 0.4
M HCIO, by applying voltammetric scans (at 5 mV
s1) at potentials more positive than the equilibrium
potential of Ag. The amount of silver was
calculated by integrating the dissolutions peaks
registered within the first two scans. The presented
data for the amount of silver deposited under each
set of experimental conditions (i.e. polymerization
charge, type of layer and type of silver ionic
species) is the average of three
deposition/dissolution experiments. Within
individual experiments at otherwise fixed
experimental conditions the amount of the silver
dissolution-related charge varied within 15 % of the
average value.

The surface morphology of the various Ag-
precipitated PEDOT layers was examined by
scanning electron microscope JEOL 6390 equipped
with Inca Oxford EDX analyzer.

RESULTS AND DISCUSSION

Fig. 1 shows open circuit potential (OCP)
transients measured in the course of electroless
silver deposition from Ag* and [AgEDTA]*
solutionsat PEDOT/PSS and PEDOT/DDS layers
obtained at different polymerization charges. For all
transients a steep OCP drop is observed within the
first few seconds followed by a gradual
establishment of steady state OCP values. The final
OCP values are in all cases more negative than the
equilibrium potential of Ag in the respective silver
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plating solutions, indicating the establishment of not show a strong thickness effect (Fig. 1 b and d).
mixed potentials affected by the redox potential of A stronger effect with thickness on OCP transients
the PEDOT layers themselves. With increasing is observed for PEDOT/PSS layers (Fig. 1 a and c).
Qpoy the transients measured at PEDOT/DDS do
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Figure 1. OCP transients obtained in Ag* (a, b) and [AGEDTA]* (c, d) solutions at PEDOT/PSS (a, ¢) andPEDOT/DDS
(b, d) layers with different amounts of polymerization charge: 1 mC (dashed line), 2 mC (dotted line), 4 mC (full line).
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Figure 2. Amount of deposited silver from Ag* (a) and [AgEDTA]*(b) solutions at PEDOT/PSS (A ) and
PEDOT/DDS () layers with different polymerization charge.

In this case, the final OCP value shifts to more to establishment of different mixed potential
negative potentials for Ag* solution, and to more equilibria depending on PEDOT/PSS thickness.
positive values for [AgEDTA]?* solution, pointing Comparison of the OCP transients obtained in Ag*
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and [AgEDTA]* solution for the thickest
PEDOT/PSS layers show that the final OCP values
coincide irrespective of the type of depositing silver
ions. This result, together with the shift in OCP
with increasing PEDOT layer thickness, may be
considered as indications for possible PSS-induced
Ag complex formation. The possibility for
formation of Ag/PSS complex species was
considered in [38]. Formation of a complex of Ag
with another polysulfonic acid was also discussed
in the context of polysulfonic-acid-doped
polypyrrole [39]. It can be suggested that with
increasing Qpoly, the amount of PSS involved in
doping of the PEDOT increases, and gives rise to
complexation of silver. The latter may affect the
establishment of a mixed potential in the
PEDOT/PSS|Ag systems.

The amount of deposited silver obtained in the
course of electroless deposition in the two silver
plating solutions is presented in Fig. 2. The
comparison shows a much steeper thickness
dependence of Qag in the presence of silver
complex ions, than in the presence silver cations.
At doubled polymerization charge Qpay, the silver
amount increases by a factor of 1.25 for Ag*
solution and by a factor of about 2 in the
[AgEDTAJ?* solution. There is also a difference in
the amount of silver depending on the type of
PEDOT with PEDOT/DDS layers, providing larger
amounts of silver in the [AgEDTA]* plating
solution.

To discuss these results let us consider the
individual steps that may affect the overall rate for
electroless metal deposition under OCP conditions
[30]: i/ ions transport from bulk solution to the
polymer surface; ii/ ions mass transfer within the
polymer phase; iii/ inter and intra electronic charge
transfer across the polymer chains and iv/ charge
transfer between the metal ions and the polymer
phase. Phase formation phenomena (i.e. metal
nucleation and growth) may additionally
complicate the situation. Obviously, one or several
of these steps are affected by the type of silver ions
involved in the electroless deposition process. Bulk
diffusion of Ag® is faster than bulk diffusion of
[AgEDTA]®. lonic transport within the PEDOT
structure should be easier for Ag* than for the bulky
[AGEDTA]* ions, which means that Ag* should
have faster and easier access to both external and
internal polymer phase surface. This may be in the
origin of the large amounts of silver deposited even
at low polymerization charges. The somewhat
lower amount of Qag, Observed for the thickest
PEDOT/PSS layer, should be attributed to the fact
that equilibrium is established at a more negative
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potential. The latter corresponds to less oxidized
PEDOT which predetermines the deposition of
smaller amount of metal.

In general, the charge transfer between a
conducting electrode and a metal anion complex is
expected to be slower, and to require more negative
potentials than the charge transfer of the
corresponding cationic species. Electrodeposition in
metal ion complex solutions requires usually higher
overpotentials. According to the OCP transients in
both solutions, the electroless deposition process
occurs in the same range of potentials, which
corresponds formally to lower overpotentials in the
silver anion complex solution case. The role of the
[AgEDTA]J* species should be considered also
from another point of view. Diffusion of these
relatively large anionic species inside the polymer
structure will be impeded in comparison to cationic
silver. On the other hand, anionic species are
involved in the doping of PEDOT occurring in the
course of oxidation. However, bearing in mind the
large excess of nitrate ions present in the silver
plating solution, this should occur at the expense of
these inorganic anions. Thus, electroless deposition
in the [AGEDTA]* solution is expected to take
place at the polymer/solution interface, rather than
inside the polymer structure, which means that the
transfer of charge across the polymer layer may
become the rate determining step of the overall
process. This transfer will definitely depend on the
polymer layer thickness and specific internal
polymer structure. The latter is expected to be
influenced by the doping ions used in the course of
synthesis. Thus, the difference in the behavior of
PEDOT/DDS and PEDOT/PSS layers, established
in [AGEDTAJ* solution, could be attributed to a
different internal structure affecting the charge
transfer across the polymer phase. Although, it is
difficult to study and reveal the polymer structure,
especially inside the polymer phase, SEM studies
of PEDOT/PSS and PEDOT/DDS layers give
evidence for a difference in the surface morphology
of these two materials [35].

SEM observations of the silver deposit, carried
out for the various PEDOT layers (Fig. 3), give
additional evidence in support of the above
considerations. The micrographs demonstrate that
both the type of PEDOT layer and the type of the
silver species used for deposition affect the number,
size and size distribution of the metallic particles. It
is readily seen that use of silver complex anions
results in a narrow size distribution of smaller
crystals and homogeneous coverage of the whole
surface (Fig. 3 e and f). This is an expected effect
of metal anionic complexes in metal deposition that
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was demonstrated in studies on silver plating in the
presence of EDTA [40]. Thin and thick PEDOT
layers (compare Fig. 3a and 3b with Fig. 3c and 3d)
behave in different ways depending on the type of
organic dopant used for their synthesis. With
increasing thickness the silver deposit on the
electrode surface becomes more homogeneous

.
L
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(smaller size distribution and larger number of
crystals) in the PEDOT/DDS case. On the opposite,
a more homogeneous silver deposit is found on the
PEDOT/PSS layer with smaller thickness (Fig. 3 a).
These different trends should relate again to organic
dopants-induced difference in the PEDOT
structure.
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Figure 3. SEM of Ag-modified polymer layers with Qpoy=2 mC (a, ¢, €) and Qpoly=4 mC (b, d, f) obtained at
PEDOT/PSS (a, b) and PEDOT/DDS (c, d, e, f) in Ag* (a, b, ¢, d) and [AgEDTA]* (e, f) solutions.
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CONCLUSIONS

The present study shows that electroless
deposition of silver on PEDOT is a process that
depends markedly on several parameters, such as
polymerization charge, type of organic ions used in
the course of synthesis, and type of the depositing
metal ions (cations or complex anions). Varying
these parameters provides the opportunity to obtain
not only different amounts of silver, but also
completely different number, size and size
distribution of the metallic phase. The type of the
metal ion provides the opportunity to affect the
diffusion inside the polymer phase, and to complete
the process by involving both internal and external
or, alternatively, mainly external polymer interface.
Thus, the rate determining step becomes very
probably affected, and limiting diffusion becomes
replaced by limiting charge transfer across the
polymer phase. As far as internal polymer structure
is determining for this process, organic doping
ions-induced properties of PEDOT start playing a
decisive role.

The results presented so far reveal also the
possibility to affect the electroless deposition by
metal-complex formation at the expense of the
doping ions used in the course of CP synthesis.
Indications in this respect are obtained in the
PEDOT/PSS|Ag* case. This opportunity should be
studied in further details by exploring PEDOT
layers obtained in the presence of PSS alone,
without addition of inorganic anions, in order to
reveal better this effect.

Finally, from a practical point of view, the
opportunity to obtain a highly homogeneous
monodisperse surface distribution of metal particles
as provided by thin PEDOT/PSSJAg* and thick
PEDOT/DDS|[AgEDTA]* layers is important and
supports various applications of the Ag-modified
PEDOT material.
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BE3TOKOBO OTJIAI'AHE HA CPEBPO BBPXY ITOJIN(3,4-ETUJIEHIUOKCUTUODEH),
I[TOJIYYUEH B ITPUCBCTBHUE HA ITOJIMCTUPEHCYJI®OHATHU NI
JIOJELNJICYJIGATHU MOHU — EGEKT HA JIEBEJIMHATA HA ITOJIMMEPHOTO
I[TOKPUTHUE

Bacunena U. Kapaboxukoa, Becena L. [lakoBa™*
Huemumym no gusuxoxumus, BAH, 1113 Cogus, bvreapus
Ilocrprmna Ha 17 aBrycr, 2016 r. kopurupana Ha 24 oktomBpH, 2016 r.
(Pestome)

[Monu(3,4,erunenauokcutnodpen) (IIEJOT) e cuHTe3upaH eNEKTPOXUMUYHO B HPUCHCTBUE HA M3JIUIIBK OT
nepxyiopaTHl HoHM M Ha nonuctupeHcyiaponatHu (IICC) mmm momeumncyndatan (AJC) xo-motupaimu HOHH.
Be3ToK0BO OTyIaraHe Ha cpebpo € M3CIeIBaHO B JiBa PasTBOpa Ha cpeObpHH HonM, kaTnonu u [AGEDTA]® anuonnu
KOMIUIEKCH. be3TokoBaTa peayKuys Ha METaJIHUTE HOHH ce OCBIIECTBSIBA 32 CMETKa Ha OKHCIICHHE Ha NPeBapUTEIIHO
peayuupanu cioese ot [IEJJOT/TICC u IIEJOT/AJIC ¢ pasnuyHa nebearHa Ha MOTUMEPHOTO MOKPUTHE. Y CTAHOBEHO
€, 4e KOJMYECTBOTO Ha OTJIOXKEHOTO cpebpo, Qg 3aBHCH JMHEHHO OT JeOenrHaTa HA MOJIMMEPHHS CIIOM KaTo
3aBUCHMOCTTa € MHOTO TIO-CTPBbMHA IIPU M3IOJI3BaHE HA Pa3TBOP HA CPeOBPHU AaHHMOHHU KOMIUIEKCH B CPaBHEHHE ChC
cpeObpHE KaTHOHU. [Ipu mocTosHHA neOenrHa Ha MOJUMEPHOTO MokpuTHe, Qag 3aBucH oT Buma Ha [IEJJOT xato
cnoesere or HEJOT/IAC ocurypssaT HO-BUCOKM cToMHOCTH Ha Qag, ocobeHo B pasteop Ha [AgEDTAJ.
Pesynrature ca oOchIeHM OT TJIeHA TOYKA HA OrpaHnMyYeHa IU(y3us Ha aHHOHHUTE KOMIUIEKCH Ha CpeOpOTO BHB
BBTPELIHOCTTAa Ha IMOJIMMEpPHAaTa CTPYKTYpa, Bb3MOXHA NMPOMsIHA Ha CKOPOCTOOMpEAesIIaTa CThIIKa Ha Ipoleca OT
nudysus (B ciydas Ha AgH) KbM NPeHOC Ha 3apsjl Npe3 MOJMMEPHOTO NokpuTHe (B ciaydas Ha [AgEDTA]®), kakrto n
OuYaKkBaHa, CBbP3aHa C KO-JOTHUPAILIUTE OPTaHUYHU HOHH, CTPYKTypHa pa3nuka Ha aBata Buaa mokputus ot IIEZIOT.
MUKpPOCKOIICKH CHUMKH Pa3KpHBaT Bb3MOXKHOCTTA J1a C€ BIHsIE CHIIECTBEHO BBPXY Opos, pa3mepa U pas3npeieleHHeTo
10 pa3Mep Ha METAJIHUTE YaCTHIM B 3aBUCHUMOCT OT BHJa U JeOenrHaTa Ha TONMMEPHOTO MOKPUTHE, KAKTO U HAa THUMA
Ha oTjlaramus ce MeraysieH HoH. Haii-moOpu pe3ynTatu OT IiieHa TOYKAa Ha XOMOTEHHO IOKPHUTHE Ha MOJMMEpHaTa
MOBBPXHOCT C MAJIKH MOHOIMCIICPCHH CPEOBPHH YacTHIM ca mojydeHdn B ciydas Ha TeHkH [IEJJOT/TIICCIAQ* u
ne6emu IIEAOT/IJIC|[AGEDTA] crnoese.
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