JOURREL OF

; e Tk TR
4 " ;-a -
Lilhe EHEMISIE
ELSEVIER Journal of Elcctroanalytical Chemisiry 434 (1997) 61-68 po—

Metal ion incorporation in the conducting polymer electrode matrix
using an ‘active’ metal substrate

Isam Marawi *, Anthony Khaskelis *, Ahmed Galal *, Judith F. Rubinson ¢, Rohit P. Popat ¢,
F. James Boerio ¢, Harry B. Mark Jr. **

* Depariment of Chemisiry, University of Cincinnaté, Cincinnars, QM 45221, USA
» Depatrtent af Chemisery, University of Cairo, Gize, Egypt
Y Departient of Meateriol Science and Engineering, University of Cincinperd, Cincinnati, OH 45221, USA

Received 15 July 1996; revived 26 September 1996

Abstract

The incorporation of free transition metal cations (potential redox catalyst centers) into conducting organic films by electrodeposition
is relatively rare due to the repulsive nature of the positive cation radicals of the polymer itself during polymerization. This puper shows
that such metal cations can be rapped in the polymer matrix as it is being electrodeposited on a metal substrate electrode, which itself
simultancously clectro-oxidizes (corrodes). The electropolymerization of 3-methylthiophens on Mo(0), Ni(0) and Fe(0) substrate
electrades (active electrodes’) is reported. SEM, EDXRF, and XPS were used to demonstrate the amount of metal cations in and/or on
the polymer matrix and to determine the valence states. The rates of diffusion of the ‘acorporated metal ions into an LiClO, electrolyte
solution were also studied. The presence of trace amounts of all three metal cations were sufficient to destroy the electroactivity of the

polymer film electrodes for the oxidation of catechol. © 1997 Elsevier Science S.A.
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1, Introduction

The advantages gained from employing electrode sur-
faces modified with conducting polymers have led to a
great deal of inicrest among electrochemists during the last
few decades [1-3). This new class of electrode materials
has been found to improve the electrode sensitivity, selec-
tivity and to reduce fouling effects in many applications.
These modified electrodes have in some cases also been
found to have electrocatalytic properties. Normally, a thin
film of a conducting polymer such as polypyrrole,
polyphenylene, poly(3-methylthiophene), etc., is deposited
on the surface of the substrate metal or carbon electrode
[3-6]. Several methods of polymerization have been re-
porte.! iscluding plasma, chemical and clectrochemical;
however, the results have been quite similar with respect to
improvements in electrode selectivity and sensitivity {7-
13]. Regardless of which polymerization method is uti-
lized, the stability of the film on the substrate is still an
open area for improvement.
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In an attempt to improve the conductivity, stability and
electrocatalytic properties of the films, a number of re-
search groups have investigated the effectiveness of incor-
porating a metallic species within the polymer film matrix.
Tourillon and Garier [14], were successful in including
metallic Ag and Pt aggregates in conducting organic poly-
mers by immersing the film electrode in a solution contain-
ing the metal ion. From their studies, they concluded that
different metal ions interact with the polymer films in a
different manner. Also, they found that the presence of
metallic aggregates not only improved the stability of the
polymer film but also enhanced its electrocatalytic activity.
Other workers [15-18] were able to include metallic com-
pounds, such as WO, and Sn0,, and metal, such as Pd. by
co-electrodeposition with the organic monomer. Some
workers have reported on the electrodeposition of polypyr-
role on ‘active’ metal substrates, but have not examined
incorporation of metal ions in the film [19-21] Beck and
Hiilser did observe Al,O, + poiypyrrole inter-layers be-
tween the Al substrate and the polymer filin [22).

Poly(3-methylthiophene) (P-3MT)-modified electrodes
have been widely investigated as sensors for the detection
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of electroactive species such as catecholamines. Such poly-
meric [ilms are conductive in the positive charged (oxida-
tive) state [23]. It is accepted that counter anions from the
supporting clectrolyte enter the polymer film to neutralize
the matrix charge. Therefore, from an electrostatic point of
view it is quite unusual to incorporate cations in the film
matrix. In the P-3MT case, it is believed that the sulfur
heteroatom serves a twofold purpose. It participates in
charge conductivity, and, at the same time, serves as the
active site for redox chemistry [23]. The immediate objec-
tive of this research is to develop electrodes containing
transition metal cations to be tested for the electrolytic
reduction of C,H, and N, [24].

This paper describes an effeciive method using “active’
metal substrates for the inclusion of metallic species, in
cation form, such as molybdenum, nickel and iron in the
electrogenerated poly(3-methylthiophene) thin films. The
long term fability of the metal ion incorporation within the
polymer was studied utilizing inductively coupled plasma
mass spectrometry (ICP-MS) for the measurement of the
metallic species feached into solution phase by diffusion,
Interface concentrations and morphology determinations
were carried out using scanning electron microscopy (SEM)
coupled with energy dispersive  Xeray  fluorescence
(EDXRF) and X-ray photoclectron spectroscopy (XPS)
techniques. These results were then related 10 the electro-
catalytic activity of' the polymer electrodes with metallic
inclusions by carrying out the oxidation-reduction of cate-
chol in acidic solution using cyclic voltammetry,

2. Experimental
2.1, Reagents and materials

The 3-methylthiophene (3MT) monomer was obtained
from Aldrich (Milwaukee, WD and was used afwer frac-
vonal distiliation. Supporting clectrolytes tetrabutylammo-
nium tetrafluoroborate (TRATFB) and tetrabutylammo-
aium  hexafluorophosphate (TBAHFP), were purchased
from Aldrich and dried for about 1 h at 100°C before use.
Acetonitrile, methanol (HPLC grade) and sulfuric acid
(A.C.S. reagent) were obtained from Fisher Scientific com-
pany and were used as-received. Electropolymerization
solutions were prepared fresh for cach experiment and
were dewerated with argon for about 10min before the
polymerization step. Distilled deiomzed water (DI water)
with an 1ISMEO resistance (Nanopure 4C unit, Fisher) ai
o0 emperature was used throughowt,

2.2. Electrode materials and preparation

Electrochemical polymerization was carried out in a
one-compariment three-electrode glass cell (25 or S0ml)
comtaining argon-deacrated acetonitrile, 0.1 M supporting
clectrolyte and 0.05M 3MT. The reference electrode was

AglAgCli3M KC1 (MF-2074, BAS, Inc. West Lafayette,
IN, USA). The auxiliary ¢lectrode was a coiled Pt wire.
The Mo, Ni and Fe working electrodes were constructed
by sealing metal rods (diameters 4.8mm, 2mm and
¢.35 mm respectively) in Kel-F. Al electrodes were roughly
polished on a nylon cloth with 2 wm diamond paste. They
were fine polished on a microcloth using a 0.05 pm alu-
mina + water suspension until no visibie scratches were
observed. All polishing materials were purchased from
Buehler. After polishing, the electrodes were ultrasoni-
cated in a methano! bath for 135 min, rinsed with DI water,
and dried in a stream of N, gas. For the XPS experiments
metal foils 0.1 mm thick (Goodfellow, Berwyn, PA) were
cut to form flat ciscular disc electrodes with an area of
approximately 1em?,

2.3, Technigues and instrumentation

The clectropolymerization siep was performed using an
EG&RG model 173 potentiostat-galvanostat  (Princeton
Applied Research, Princeton, N), USA). A BAS-100 elec-
trochemical analyzer was employed in the ¢yelic voltam-
metric studies. A Perkin-Elmer 5300 spectrometer was
used to obuin XPS spectra and chemical compositions of
the polymer films. Calibration was performed using the
C ts component (binding energy is 284.6eV), An MgKa
X-ray source was used with 300W applied o the anode.
Metal ion concentrations in the solution phase were deter-
mined by use of a VG Plasma Quad PQ ! (VG Elemental,
Winstord, Cheshire, UK) inductively coupled plasma mass
specometer. All standards and samples for ICP-MS anal-
ysis werne prepared with 0.1 M LICIQ, solwion. Calibration
curves were constructed using four standards with concen-
trations 50, 100, 200 and 400ppb Tor cach clement. The
standards were blank subtracted 0 comect (he mairix
effect. A Cambridge 90 electron microscope coupled with
a Princeton Gamma Tech (System 4 Plus) energy disper-
sive spectrometer were used for determination of film
morphology and elemental analysis.

3. Results and discussion

Cyclic vollammograms (CVs) at a bare Pt electrode
(Fig. 1(A)) and at a polymer (P1) electrode (Fig. 1(B)) for
catechol show a very large difference in the electrocat-
alytic activity between the two electrodes. On the other
hand. the performance of the organic film was greatly
changed afler including a metal ion in the matrix, for
example by dipping the electrode in a molybdate solution
(Fig. Q). The incorporation of the metallic species in the
polymer film matrix was carried out in two different
fashions for this investigation. Two different experiments
(SEM/EDXRF and XPS) were used to examine the incor-
poration of metal ions in the polymer film matrix.
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Fig. 1. A CV of 0.00 M catechol at a Pt electrode: (A) bare electrode; (B)
PAMT-modified electrode; (C) modified clectrade dipped in 0.1M
Nay MoQ,. Scan rate H0mVs ': electrolyte nqueous 0.01M H,80,.

In the first case, the polymer film was prepared by
polymerizing 3MT on Pt substrate, as described previously
[1], for 90s, soaking for Sdays in 0.1 M Na,MoQ, dis-
solved in Sorensen buffer solution (pH = 7), and washing
repeatedly with DI water. The purpose of (his experiment
was (o determine whether the Mo®* ions diffuse from the
solution into the polymer matrix. The morphology of the
film surface was examined by SEM. As shown in Fig.
2(A), cluster-shaped formations of molybdate salts were
deposited on the surface. These probably form during the
drying process in preparation for the SEM measurements
as water and salts diffuse out of the polymer matrix to the
surface. Before dipping, the surface morphology appeared
the same as in Fig. 2(B) (see below). Optical photomicro-
graphs (1000 X ) also showed a uniform polymer fiim
deposited on the Pt substrate [25].

The other approach for metal incorporation within the
polymer film was to polymerize the film directly on an
‘active’ metal substrate of interest. For example, if Mo was
the metal ion to be incorporated, then the substrate used

for electrodeposition was a Mo metal disk. Presumably,
with this technique, the corroding metal ions of the metal
substrate would be trapped within the polymer matrix
while it was being formed by electropolymerization. Fig.
2(B) is the SEM picture which shows P-3MT film formed
on the Mo substrate. It is important to note that no
observable pores or holes were found in the Mo substrate
film, and nor were any found in the Pt substrate film. A
polymerization time of 90s was chosen for this part of the
study. This film was well formed with a sufficiem thick-
ness that it can be peeled off at a negative potential of
about 3V vs. Ag|AgCl. Concurrent with the SEM experi-
ment, an EDXRF study of both surfaces was carried out on
both the P-3MT (Pt) molybdate-dipped and the P-3MT
(Mo) eclectivdes. These results revealed that a certain
amount of molybdenum was incorporated on or within the
polymer films in both cases. Minimal differences in the
EDXRF spectra were observed for the two films,
Analysis by XPS provided valuable qualitative and
quantitative information regarding the surface elemenial
composition (7.0 to 20.0 nm depth profiling). Additionally,
the oxidation state of the element was determined and the
shift in binding energy of the metal species provided

Fig. 2. Scanning electron micrograph of: (A) Pt electrode dipped in Me
sofution: (B) Mo-madified electrode.
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Fig. 3. Xeray photoclectron survey specirum of o P-modified electrode dipped for 8 days in Mo solution. Polymerization time 43 s; whe-olt angle 457,

information about the chemical environment in which it
resided. The XPS resuits for the Mo(VD-dipped electrode
showed that Mo was incorporated at and within the film
(Fig. 3). A high resolution XPS spectrum (Fig. 4) showed
that the oxidation state of Mo within the film was +6 (a
doublet at 232,70 and 235.80eV; Mo3d,, and 3d, ,
respectively). Therefore, the Mo ions were adsorbed on
and in the elecwrode surface without change in valence
state. The binding energy difference between 3d,,, and
3d, , electrons of Na; MoO, compound should be 3.20eV
(261 while in this study, the value obtained was about
3.10eV. Thus, it appeared that there was no strong com-

plexation process accompanying interaction  between
Mo(VD and the thiophene moiety. No evidence for forma-
tion of MolIV) at 231 eV was obtained [27,28). The less
intense peak at 228.00eV was identified as a sulfur 25
peak, not an Mo(0)3d,,, peak, based on: (i) the absence
of the second peak of the Mol0) doublet, 3d,,,: (i) the
ratio of this peak 10 the sulfur 2p peak at 164eV cormre-
sponded 1o the reported value [26). The Mo/S mole ratio
calculation based on the Mo/S atomic concentration ratio
(Table 1) gave a value of 0.7 mol of Mo per mole of S.
Another P-3MT film was polymerized on the Mo sub-
strate for further XPS swdy. Two different polymerization
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Fig. 4. High resolution Mo 3d X-ray photoslectron spectra of a Pt-medified electrode dipped in Mo solution, Polymerization timic 45 s; take-off angle 45°.
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Table 1
Mo,/S molar ratio at different conditions from XPS experiment
Pretreatment Alomic concentration / % Mo/8S ratio

Mo S

Dipping experiment with Pt P-3MT mediated electrode 2.2 3.2 0.688
Mo substrate, polymerization time 45 s 0.1 3.0 0.033
Mo substrate, polymerization time 90s 50.05 0.8 0.063

times (45 and 90s) were used. In both experiments the
Mo/8 mole ratios were significantly less than found in the
dipping experiment (Table 1). It is well known that the
P-3MT film usually forms by deposition of consecutive
layers [29]. The layers next to the substrate are homoge-
neous and dense: however, with increasing thickness the
polymer becomes less ordered with a *noodle-like® strue-
ture. It was not surprising to find that the relative amount
of Mo ions incorporated in the film decreased signilicantly
with longer polymerization times, as shown in Table 1. In
this experiment, two species of Mo can be found in the
XPS spectra: Mo with oxidation state of zero (elemental
molybdenum), and Mo with oxidation state of +6. Both
Mo(0) and Mo(VI) were found within the thinner film
(45 s polymerization) and in the thicker film (90s poly-
merization). As shown in Fig. 5 the XPS spectrum ob-
tained for the 90s film, the 3d,,, peak of the Mo(VD) at
232¢V was quite asymmetric. The intensity of the peak at
227.7eV was also much higher than the one observed in
the dipping experiment (Fig. 4), while the concentration of
sulfur in both experiments remained the same. This would
be expected if the doublet of atomic Mo is convoluted with
the Mo(V1) doublet.

To determine the depth distribution of the Mo within
the 90s polymer film, an XPS experiment was performed
with three different take-off angles (15°, 45° and 75° with

respect to the sample surface). With higher take-off angles,
greater depth probing can be obtained. Table 2 shov s the
concentration of Mo ions as a function of take-off angle.
The highest ratio of Mo/S was at 45°, giving a ratio of
(.1 mol of Mo per mole of S.

A similar take-off angle XPS study was carried out on a
P-3MT (Ni) electrode. An example of an XPS survey
spectea of P-3IMT (Ni) electrode at 45° take-off angle is
presented in Fig, 6. Fig. 7 shows the multiplexed peaks
obtained for the nickel in the polymer, which are characier
istic of a -+ 2 valence state. However, the binding energies
were shifted about 2.0 to 3.0eV higher than expected (ca.
858¢V for the 2p, ,, peak compared to 855¢V and 856eV
for NiO and Ni(OH), respectively) [26]. This indicated
that Ni(Il) was interacting within the polymer matrix.
However, due to the complicated composition of the sys-
tem (i.e. thiophene sulfur, TFB anion, acetonitrile and
H,O possibly present in the matrix), it was not possible 1o
define its enviromment from this data. There was no evi-
dence for the presence of any atomic Ni at this surface. A
similar distribution as a function of take-off angle was
obtained for both Mo and Ni (Table 2). The main differ-
ence between Ni and Mo films was that, at a take-off angle
of 45° the ratio was 5.4mol of Ni per mole of 5. A
striking difference was realized for the P-3MT (Fe) elce-
trode. Surprisingly, there was no measurable amount of
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Fig. 5. High resolution Mo 3d X-ray photoelectron spectra of Mo-modified electrode. Polymerization time 90 s: take-off angle 45°,
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Fig. 6. X-ray photoclectron survey spectrum of a Ni-modified clectrode. Polymerization time 90s; take-olf angle 457,

atomic or ionic Fe in the film surface at any of the three
take-off angles.

A “leaching’ experiment was also carried out on Ni, Fe,
and Mo polymerized substrawes. Polymerization time of
455 was chosen in this study. Applied powentials were
19V, 19V, and 195V for Mo, Fe, and Ni substraies
respectively, After the polymerization siep, each electrode
was immersed in 0.1 M LiCIO, for 8days. A 15 ml sample
was drawn out from the immersing solution daily and the
metal ion concentrations were determined by ICP-MS
{Table 3). The solution containing the Mo electrode exhib-
iied a small but steady increase in Mo concentration over
the Sdays, while the other two electrodes continued 1o

leach at much higher sates. Although the rate of leaching
for Mo was an order of magnitude lower than the rate of
leaching of Ni and Fe, it is difficult w draw conclusions
with respect to binding of the metal ions to the polymer, as
the concentration of each ion in the polymer phase was
different {Table 2) and the morphology of the polymers on
the different substrates also may have been different, Each
data point in Table 3 is an average of three measurements
and the values were normalized for 1mm® of elecirode
surface in each individual case,

A cyclic voltammetric study was carried out in conjunc-
tion with the difiusion (Jeaching) experiments. After poly-
merization, a study was curried out in 0.4 M H,SO,
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Fig. 7. High resolution Ni 2p X-ray photoelectron spectra of Ni-modified electrode. Polymerization time 90s; take-off angle 45°.
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Table 2
Molar ratios of metal ion to sulfur at the surface of Mo-, Ni-, and

Fe-modified electrodes determined by XPS

Take-off angle /deg Metal /sulfur ratio

Mo Ni Fe
15 0.004 4.7 0
a5 Q.1 54 0
75 0.01 44 0

containing 0.01 M catechol. The voltammograms for the
three active metal substrates showed a complete absence of
P-3MT electrocatalytic activity for catechol (Fig. 8). The
electrodes were tested again in catechol by cyclic voltam-
metry after immersion in the 0.01 M LiCIO; solution for
8 days. The poor electrocatalytic performance shown by all
three electrodes supports the beliel that metal ions were
still present within the polymer film, even though the
metal ion concentrations were depleted significantly during
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Fig. 8. CVs ci 0.01M catechol at fresh modified clectrodes: (A) Mo
substrate; (B) Ni substrate; (C) stainless steel substrate. Scan rate
100mVs~'; electrolyte agueous 0.01 M H,S0,.

Table 3
Concentration of metal jons in solution phase determined by ICP-MS
Metal Concentration /ppb

2days 3days Sdays ddays 8days
Mo 0.83 1.04 2.24 332 379
Ni 28.31 32.68 48.7 62.52 104.2
Fe 13.11 13.81 206 28.79 32.67

the 8 days contact with LiClO, solution. Fig. 9 shows that
there were sufficient metal ions or some redox couples in
the polymer to give current peaks in the CVs. These results
indicate that the electroactivity of the electrodes was not
completely inhibited. In the Ni case, a pesk at +0.33V
responded to formation of Ni(-+2) oxide [30]. Further-
more, 4 P-3MT Mo(VD-dipped electrode showed no dif-
ference in the CVs for ferricyanide with respect to an
undipped electrode.
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Fig. 9. CVs of O.OIM catechol at modified clectrodes after Hdays
immersion in 0.1 M LiCIO, solution: (A) Mo substrate: (B) Ni substrate:
(C) stainless steel substrate. Scan rate 100mVs~": electrolyte aqueors

001M H,S0,.
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4. Conclusion

The reported electropolymerization processes prove to
be very convenient for the accumulation of metal cations
in a polymer film matrix simultaneous with the active
electrode substrate corrosion. Some (a small fraction) of
Mo and Ni ions seem to be incorporated in the film,
presumably through S heteroatom interaction, as inferred
from the ‘poisoning’ of the catechol oxidation. Investiga-
tion will continue in order to determine the mechanism of
interaction between metal cations and the thiophene ring, It
will also be of interest to determine if the concentrations of
metal ions in the polymer matrix can be controlled by
variation of deposition potential, concentration of
monomer, temperature, etc. The high concentration of
Mo(0) in the polymer is puzzling. This suggested that
some intermediate valence of Mo was produced by corro-
sion and then with time or environment it disproportion-
ated inside the polymer. However. no such disproportiona-
tion reaction could be found in the literature, Beam-promo-
tad disproportionation has been observed for copper sys-
tems on prolonged exposure during XPS measurements
[31]. Although beam exposurcs were on the order of
minuies in the Mo case, it could possibly account for the
Mo(V1) and Mo(0) results found, It will be important (o
determine it Mo{0) microclusters are forming. Since the
total inhibition of the electro-oxidation of catechol is
achieved by relatively small amouats of all three metal
ions, this suggests that very specific sulfur configurations
(hot spots) are responsible for the electrocatalysis of redox
processes for these species [23]. The fact that the Mo(V1)-
dipped electrode remains electroactive with respect o the
ferricyanide reduction indicates that only specific sites are
inhibited for an inner-sphere electron transfer in the cate-
chol oxidation, Further studies will also be carried out to
determine microscopically the chemical nature and mor-
phology of the active sites and their ‘poisoning” by the
metal ions,
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