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Abstract

The electrochemical reduction of carbon dioxide was studied on a glassy carbon electrode modified with either polymeric M-tetrakis
aminophthalocyanines (M= Co, Ni, Fe) or with the polymeric free ligand, in aqueous electrolyte. The reaction products are dependent on
the central ion: for Co-polymer the only reaction product found was formic acid; for Ni polymer, formic acid and formaldehyde were found,
whereas formaldehyde and; kvere detected for Fe polymer. For the free ligand polymer onlyMds detected. Spectroelectrochemical
experiments show that in the case of Co-polymer, Co(l) is the active site of the electrocatalysis but the reduced cobalt center and the reduced
ligand are not enough to promote the reduction of the carbon dioxide and an extra overpotential is necessary. In the case of the Ni polymer,
the reaction takes place at the same potential where the complex is double reduced and it is not necessary to apply more potential. On
the other hand, there are important differences betweemtiphologiesf both polymers as demonstrated by electrochemical impedance
spectroscopy. The experiments show that the metallic center affects the kinetics of polymerization and the polymer morphology. On the other
hand, the chemical nature of the metal center of the catalyst is the most important factor in the electrochemical reductiandft@O
products involved.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction metallic cathodes such as Hg, Pb, Sn, In, Au, Ag, Pt, Ni and
Cu[4—6] and semiconductors such as p-Si, p-CdTe, p-InP, p-
The electrochemical reduction of Ghas been exten-  GaP, n-GaA$3,7,8]. Carbon electrodes have also been used
sively studied due to its increasing concentration in the but, in this case, the reaction requires high overpotential and
atmosphere generating the so-called “green house effect’"depending on the electrolyte, evolution of ebuld decrease
which might cause undesirable changes in the environment.the efficiency of the proced9-11]). However, it is possi-
It presents the possibility of recycling and transforming this ble to use carbon electrodes if transition metal complexes
raw material into a source of carbon for chemicals or fuels act as electronic mediators either in solutj@@—17]or be-
[1-3]. This reaction has been studied on different electrodes; coming modified electrodeld8-23] Azamacrocycles like
porphyrins or phthalocyanines containing different transition
* Corresponding author. Tel.: +56 2 6812575; fax: +56 2 6812108, Metals have been investigated showing good electrocatalytic
E-mail addressmaguirre@lauca.usach.cl (M.J. Aguirre). behavior when forming parts of modified electrofld$-32]
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For these cases, the selectivity and efficiency will depend onnium perchlorate/dimethylformamide (DMF) solution (or
the media, applied potential, and microenvironment among dimethylsulfoxide (DMSQO) solution for the Fe complex)
other factor§24-32] containing the M-macrocycle or #Amacrocycle monomer
Inthe last years the possibility of electropolymerizingaza- (ca. 1 mM). The electrolyte was purged with nitrogen (ultra
macrocyclic complexes on carbon electrodes surfaces hagpure grade) before and during the blank experiments and kept
also been studiefB3,34] and a wide variety of reactions at room temperature. After the polymerization, the modified
has been proved like £reduction[34], hydrazineg[35] and electrodes were rinsed with DMF or DMSO, ethanol and
thiols oxidation[36—38] among other$39—-42] Few works bi-distilled water. The electrochemical experiments were
have been focused in the electrocatalysis of @@diated by performed in a three-compartment glass cell: the working
polymeric systems derived from azamacrocyclic complexes. electrode, either glassy carbon (0.1%¥nor conducting
However, there are electrocatalytic studies that have shownglass (2 crf); the reference electrode, MgCl in saturated
a higher stability and enhanced electrocatalytic activity for KCI; the auxiliary electrode, a Pt coil (10 &pn
polymers compared to monomers adsorbed on electrodic sur- UV-vis spectroelectrochemical experiments were per-
faces[39]. formed in a one-compartment quartz cuvette containing sim-
Therefore, this work deals with the electrocatalytic study ilar, but smaller, auxiliary and reference electrodes. All the
of modified glassy carbon electrodes with poly-M (M =Fe, characterizations (electrochemical and spectroscopic) of the
Co and Ni) and poly-H (the free ligand) tetrakis aminoph- modified electrodes were carried out in an aqueous solution
thalocyanine as electrocatalysts for carbon dioxide reductionof 0.1 M NaCIQ, (pH =7.0) purged with ultra pure NThe
in agqueous media. The study was carried out using cyclic electrocatalysis of C&reduction was investigated using a so-
voltammetry, potentiostatic electrolysis, UV—-vis spectroelec- lution of 0.1 M NaCIQ saturated with pure C&pH =4.0).
trochemistry and electrochemical impedance spectroscopy EIS measurements were carried out at potentiostatic con-
(EIS) in order to analyze the polymer selectivity as well as ditions, at several potentials in the range 0.#100 V (versus
its reactivity as a function of the metallic center. Ag|AgCl) at a frequency range from 10 mHz up to 10 kHz.
The ac potential perturbationwas 10 mVina PGSTAT 20 AU-
TOLAB/GPES potentiostat/galvanostat system from Eco-
2. Experimental Chemie coupled to an EcoChemie frequency response an-
alyzer module. An AFCBP1 Pine bipotentiostat, along with
M-tetrakis aminophthalocyanines (M-TaPc, where Pinechem 2.5 software was used for the electropolymeriza-
M= Co, Ni and Fe), from Midcentury Co., were usefler tion and to obtain data on the electroreduction obCOVar-
vacuum sublimatianThe free ligand (IFTaPc), sed=ig. 1, ian Cary 1E spectrometer, along with CARY WIN UV soft-
was synthesized using a modified procedure reported byware, and coupled to a Wenking POS 73 Potentioscan, was
Achar et al.[43,44] The conducting transparent electrodes used to obtain the UV-vis spectra. All the spectra recorded
were prepared by Sn@F deposition on a glass sheet. The were baseline corrected. The potential controlled electrolysis
glassy carbon electrodes, from PINE (geometrical areawas carried outwith a Universal Programmer Model 175 cou-
of 0.19 crﬁ) were polished with 0.2bm alumina before pledto aDigital Coulometer 179 both from PAR. All these ex-
each experiment. The electrosynthesis of the polymeric periments were performed atl.0V (versus AgAgCI) dur-
films was performed by continuously cycling the electrode ing 1.5 or 6 h. A gas tight two-compartment cell was used
potential between—-0.4 and 1.0V (versus AégCl) at and the experiments were carried out at 1 atm op (od-
100mVs?! (or 200mVs? for the Fe complex) dur- uct analysis were carried out by gas chromatography in a
ing 50 potentiodynamic cycles. The electrolyte used in Varian 3400 instrument equipped with a Molesiv capillary
the electropolymerization was a 0.1 M tetrabutylammo- column and a Thermal Conductivity Detector for identifica-
tion of gas products. The carrier gases were Ar and He $or H
and CO, respectively. A spectroscopic, chromotropic acid,
method was used in the identification of formic acid and
formaldehydd18-20] Gas samples were monitored every
30 min and soluble substances were analyzed after finishing
the experiments.

3. Results and discussion

3.1. Voltammetric behavior of the polymers in presence
and absence of CO

Fig. 1. Molecular structure of the ligand tetra-aminopthalocyanm@aPc. Fig. 1 shows the structure of the complexes used in this
The replacement of the internal H by M gives rise to the complex M-TaPc. work. The metal complex core hBgh symmetry and the free



M. Isaacs et al. / Journal of Molecular Catalysis A: Chemical 229 (2005) 249-257 251

200 T T T T d T T T 50 T - - T

I/e<A

Ife< A

50 +

1 1 1
-1500 -1000 -500 0 500 1000

-100

E (mV) vs Ag | AgCI

-500 0 500 1000

Fig. 3. Voltammetric profile of a poly-Co-TaPc modified electrode under N
atmosphere (continuous line) and £&imosphere (dotted line) electrolyte:
E (mV) vs Ag| AgCl 1 mM NaClQ, aqueous solution. Scan rate: 100 mVts

Fig. 2. Cyclic voltammetry corresponding to the electropolymerization of
Ni-TaPc on a glassy carbon electrode (50 potentiodynamic cycles), in a not appear. In spite of this, for comparison reasons, we have
N2/DMF/0.1M TBAP solution with 1 mM of the monomer. Scan rate: labeled this “peak” as Ill. When the e|ectro|yte is saturated
100mvs™. with COy, the voltammetric profiles changes: in the cathodic
region, a low shift of peak | to negative potentials takes place
ligand coreD,h symmetry due to the inner hydrogens of the and there is an important shift for peak Il from e20.5 to
cavity.Fig. 2depicts the voltammetric growing signals corre- 0.0V. In the case of peak Ill, it appears at e€0.5V and
sponding to the electropolymerization of Ni-TaPc on glassy becomes quasi-reversible. When £® bubbled in the so-
carbon electrode. It is known that this kind of macrocycles lution the pH changes; then the shift in the peak potentials
polymerize forming amine radical cations (by the positive can be attributed to pH. However, for this modified electrode,
potential imposed to the electrode) in a similar way that the the redox couples of the ligands and the metals shift linearly
polymerization of aniling45]. The characteristics of the ob- ca. 75mV per pH unif34,36] The difference in pH from
tained films (polymerization degree, site of the radical cou- the solution bubbled with Nand CQ is almost 3 units; i.e.
pling, planarity of the resultant macromolecule, specific mor- from pH 7 to 4. Then, the expected shift in terms of pH is
phology) is not known until now, however, we are making ef- 225 mV that is very different to the results obtained. Then,
forts along this line of work. In spite of the similar structures we interpreted the observed shifts in terms of the formation
of all macrocyclic complexes, the kinetic of polymerization of an adduct or intermediate between the metal and the CO
(measured as the increasing charge with time) is very dif- molecule that changes the electronic density of all the redox
ferent depending on the metallic cenfg8—35,42,46,47]Fe coupleg49-51]
and Co present a very slow kinetic with charges lower than  On the other hand, the onset of the current discharge cor-
those for the i1 and Ni cases, either on glassy carbon or responding to the reduction of G@ppears at-0.7 V (see
transparent SngF electrodes. Those differences (morphol- Fig. 3), at potentials more negative than the redox couples
ogy and electric characteristics of the obtained polymer) are of the metal and the ligand (peaks Il and IIl). Generally, a
important in the electrocatalytic behavi(®3,35,42,46,47] redox catalyst promotes a redox reaction when the applied
When the complexes are electropolymerized, the modified potential generates an active site with a favorable oxidation
electrodes show activity towards the electrochemical reduc- state (usually the metal). In this case, the reduction wave
tion of CQO,. The electrocatalytic response strongly depends does not begin at the potentials corresponding to the reduced
on the metallic centefig. 3 shows the voltammetric pro- metal or the reduced ligand, but it is necessary to apply an
files for the poly-Co-TaPc modified electrode in an aqueous extra overpotential to do it. In the case of the reduction of
media (0.1 M NaCl@). Under N ill-defined peaks | and  CO, promoted by azamacrocycles, the behavior observed in
Il are attributed to processes centered on the ligand (peakFig. 3was informed for other related systefis]. For the
1) and on the redox couple Co(l)/(l) (peak II), respectively Co-polymer-modified electrode, only formic acid and no hy-
[33,34,36,48,49]At ca.—1.0 V the water reduction reaction  drogen was detected after potential controlled electrolysis at
appears with B evolution. This process occurs in areduced —1.0V during 1.5 and 6 h. For this modified electrode the
active site, in this case, a ligand site. However, the anodic turnover number was estimated in ca. 2.90* h—1 calcu-
wave corresponding to a signal atL.0V practically does lated after 1.5 h of electrolysis. In order to obtain this result,



252 M. Isaacs et al. / Journal of Molecular Catalysis A: Chemical 229 (2005) 249-257

the charge of the cathodic peak corresponding to Co(l1)/Co(l) showing an increase in the current of this small peak and
was used to measure the quantity of active sitgdinFormic the appearance of its anodic wave (pedk Also, the an-
acid was also measuredrM. We did not use grams of cat-  odic charge of peak | is increased while a cathodic current
alysts because it was not possible to measure the weight ofdischarge appears at the potentials close to the ill-defined
the polymer and we do not know the characteristics or the cathodic peak II. This current discharge corresponds to the
exposed active sites for a determined weight of the film. electroreduction of C&@ In this case, there are noticeable
The electrolysis data indicates that poly-Co-TaPc is a very differences between this polymer and poly-Co-TaPc. First,
selective electrocatalyst for the reaction. It is noticeable, asfor poly-Ni-TaPc, the second reduction allows the onset of
can be seen ifrig. 3, that at the potential of the electroly- the CQ electroreduction without extra overpotential. Sec-
sis (—1.0V), that poly-Co-TaPc under$hows the starting  ond, it is interesting to compare the capacitive currents ob-
wave corresponding to the evolution of hydrogen but i,CO  served between the voltammetric curves of cobalt Eged)
atmosphere, in an aqueous solution, no hydrogen was de-and nickel polymers (se€ig. 4); in the Ni case the capac-
tected. This result confirms the formation of a kind of adduct itive current is one order of magnitude higher which can
between the cobalt center and the £@olecule as men-  be associated with differences in the kinetic of polymer-
tioned before. This electrode was measured during 10 daysization that causes important changes in thickness and mor-
(its voltammetric response and its behavior during the elec- phology of the polymer§46]. The current corresponding to
trolysis) without showing any changes. In this way, we ob- the reduction of C@is higher than in the case of the Co-
tained a selective and stable electrocatalyst for the reductionpolymer because the Ni polymer presents a higher capacitive
of CO,. The reaction is metal centered and a simplified mech- response due to the electrolyte in the inner layers of the poly-

anism is presented in the following reaction: mer. But simultaneously, with a higher capacitive response,
the redox couples show more current indicating more active
M(INL + e~ — M()L Siros, P g
When electrolysis was carried out-af..0 V, formic acid
M()L + COz — [M(I)L ---COy] and formaldehyde were detected, indicating that the reduc-
tion of CO, proceeds on poly-Ni-TaPc via two and four elec-
[M(DL ---CO] + € +2HT — HCOH + M(IIL tron transference. Formic acid is probably generated with

a mechanism similar to that of poly-Co-TaPc. However,
the formaldehyde generation in simultaneous four-electron
transference is highly improbable from an electrochemical
(Point of view. In this sense, the most reasonable explanation
is that the polymer catalyzes the reduction of G®formic

acid and then catalyzes the reduction of this compound to
formaldehyde by a two-step mechanism. In order to confirm
this assumption, the direct reduction of formic acid by the
poly-Ni-TaPc is being studied. The second step of the mech-
anism could be described as:

500 — ‘ — M(INL + e — M(I)L

Fig. 4depicts the voltammetric profile of poly-Ni-TaPc mod-
ified electrode, in an aqueous media (0.1 M Nagl@nder

N> atmosphere the Ni polymer shows two reversible peaks |
and Il. Both peaks correspond to redox processes centere
in the ligand[52]. However, a small cathodic peak, non-
described in the literature appears at ed.3V between
peaks | and Il. We do not have an explanation for this peak.
When the solution is saturated with €@he profile changes

M()L + HCOH — [M(I)L - - - CHOZH]

[M()L ---CHOZH] + e +2H"
— HCHO + M(I)L + H»0

| focA

This modified electrode is stable (measured in the same way
that the Co-polymer) but not selective. The relative yields of
: formic acid are higher than formaldehyde yields, practically
500 b o _ in a 2:1 ratio.
' For poly-Fe-TaPc and poly-HTaPc, no noticeable
— changes were found in the voltammetric profiles when the
-1500 -1000 -500 0 500 1000 . . .
E (mV) vs Ag | AGCI experiments were performed eﬁher indr CO, atmosphgre
(not shown). When the potential controlled electrolysis was
Fig. 4. Voltammetric profile of a poly-Ni-TaPc modified electrode undgr N carried out at-1.0V, formaldehyde and Hwere detected

atmosphere (continuous line) and €@mosphere (dotted line). Electrolyte: ~ fOr poly-Fe-TaPc. On the other side, only Mas detected
1 mM NaClQ, aqueous solution. Scan rate: 100 mVs for poly-Ho-TaPc indicating that this polymer is not a cata-
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Table 1 to quaternary ammonium salt the distribution of products is
Electrolysis products£1.0V vs. AJQAgCI during 6 h) quite different giving oxalic and glycolic acids as the main
Electrode Product Product Product  products[54]. Then, the hydrophobic nature of the ammo-
Poly-Co-TaPc HCOOH - - nium salt plays a very important role and probably produces
Poly-Ni-TaPc HCOOH HCHO - a suitable environment to obtain products with more than one
Poly-Fe-TaPc - HCHO (1.5h) H carbon atom.

Poly-Hy-TaPc - - H

Another interesting system is presented by Shibata and
Furuya[55,56] using gas diffusion electrodes modified with
lyst for CO; electroreduction. On the other hand, this result transition metals (Cr, Mo, Mn, Ru, Co, Rh, Ir, Pd, Ni, Pt, Cu,
confirms that the ligand reduces hydrogen but the reduction of Ag, Au, Zn, Cd, Al, Ge, In, Tl, Sn and Pb) phthalocyanines. In
COy is metal centered. The Fe-polymer is not stable becausethis case, the simultaneous reduction of&@d nitrate or ni-
after 1.5h of electrolysis its voltammetric profile is not re- trite ions was carried out toward the production of urea. With
covered.The generation obHby azamacrocyclic complexes  those phthalocyanines, the formation of urea, CO, formic acid
has been established by other authors and the mechanism iand ammonia was proved, except for Al and Ge complexes.
well described53]. However, the C@reduction needs wa-  The best catalyst in this case was Ni-phthalocyanine, with a
ter to proceed9] and the H evolution reaction is always a  maximum current efficiency of 40% at1.5V versus NHE.
competitive reaction according to the following mechanism: Selectivity is dependent on the metal center and the electro-
chemical potential used in the experiment. Formation of urea

H* +e — H* specifically depends on the ability of the metal center to form
CO and ammonia separately.
IH — Ho Other macrocycles with activity toward the electrochemi-

cal reduction of CQ@include the cyclam, porphyrin and hex-

For Ni, Fe and the free ligand, it was not possible to calculate aazacyclophane famili¢g]. The Ni-cyclam derivatives have
the efficiency because the quantity of active sites is unknown been systematically studied and the reduction of carbon diox-
due to the capacitive response of the voltammetric profile. ide is driven by the Ni(l) oxidation state and those complexes
In the case of poly-Fe-TaPc and poly-HiaPc hydrogen is  are almost 100% selective to CO generaf@b7].
obtained during all the time of the electrolysis and reaching a
plateau at ca. 1 h of reaction. For the iron polymerata 1.5 his 3.2. Spectroelectrochemical behavior of the polymers
possible to detect formaldehyde but at this time the polymer
is already decomposed. The bare electrode electrolysis in In order to elucidate possible interactions between the
the same conditions does not produce detectable amounts opolymers and C@ at different potentials, the macrocycles
products. containing Co and Ni were electropolymerized on a transpar-

The results of the electrolysis experiments are summa- ent electrode. The poly-Fe-TaPc does not polymerize on con-
rized in Table 1 It is worth noticing that the active poly-  ducting glass electrodes (in the conditions described above)
mers release protonated species, since it is frequently re-and for this reason, no spectroelectrochemical results are pre-
ported that phthalocyanines or porphyrins (of Co gener- sented. H-system does not reduce gQherefore it has no
ally) [27-31] are selective catalyst for CO. Indeed the re- sense to study the interactions between this system and car-
action products for polymeric-polypyridine metallic com- bon dioxide.
plexes modified electrodes were exclusively formic acid and It is known that phthalocyanines present two bands in
formaldehydg18-20] Also, in composite systems such as the UV-vis spectrum corresponding te-m transitions of
Prussian blue—polyaniline—Fe complexes the reaction prod-the ligandg58]. The band at a lower energy is the Q band
ucts obtained were mostly lactic acid and species with two (HOMO-LUMO), and the band appearing at a higher energy
carbong21,22] For Cu-polymerg39], the reduction prod-  is the Soret band (HOMG-LUMO) [58]. It is possible to
ucts are CO and-€H. In our case, no system gives CO. In observe between them, in some cases, a charge-transfer band
the case of the Ni-system reduction of £@ives products corresponding to a metal-to-ligand charge-transfer transition
corresponding to 2 and 4 transferred electrons. In the casg58]. All these features explain the different spectra of the
of the Co, only 2 electrons were transferred. The Fe-systempolymers when they are reduced and Q& present in the
gives 2 and 4 electrons reduced products. The most inter-solution.
esting result is the selectivity for the Co-system. Although Fig. 5A shows the spectra of poly-Co-TaPc at open circuit
in our case we did not study the effect of the media in the potential and at-0.4V in 0.1 M NaCIQ aqueous solution
reduction of CQ, it has been informed that the electrolyte under N atmosphererig. 5B shows the spectra of poly-Co-
and the solvent could change the nature of the products usingTaPc at an open circuit potential an@.4 Vin 0.1 M NaCIQ
the same complef39]. Indeed, it has been informg@4] aqueous solution under G@tmosphere. In both cases, the Q
that Co-phthalocyanines gives CO and formic acid as reac-band shows amaximum close to 725 nm and a part of the Soret
tion products when the pH is 5 or lower, using phosphate asband appears between 300 and 400 nm~At4V (close
supporting electrolyte. If the support electrolyte is changed to the Co(ll)/(l) couple), a new band appears with a maxi-
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Fig. 5. (A) UV-vis spectra for the Sn@/poly-Co-TaPc modified electrode in 1 mM NaGl@gqueous solution at two potentials under &mosphere.
Continuous line: open circuit potential; dashed lir€d.4V vs. AJAgCI. (B) UV-vis spectra for the SnOF/poly-Co-TaPc modified electrode in 1 mM
NaClO, aqueous solution at two potentials under G@mosphere. Continuous line: open circuit potential; dashed-ifet V vs. AQAgCI.

mum at 480 nm. This band corresponds to a metal-to-ligandtion (seeFig. 6B) a great difference in the intensity of this
charge-transfer ban®6,37,48,59—64]due to the presence band appears when the potential is changed from OCP to
of Co(l). When CQ is bubbled in the solution, Soret, charge- —0.8V. The difference in the behavior of both systems indi-
transfer and Q band decreased. A similar behavior has beercates different interactions between thes&@d the reduced
described by Lehn and co-workers when photoreduced so-polymers. These results confirm the voltammetric profiles ob-
lutions containing Co(l)—polypyridine complexes are used tained in the presence of GQOfor both systems. In the case
as catalyst for the photo-electrochemical reduction obCO of Co, the reduction wave appears at potentials more negative
[65,66] than the wave corresponding to the second reduction of the
In the case of the Ni-system, a very different behavior is polymer and in the case of the Ni system, the current dis-
observedFig. 6A shows the corresponding spectra for poly- charge coincides with a redox process of the ligand. Then,
Ni-TaPc under N, at open circuit potentials and a0.8 V. the different interaction between the polymer and the,CO
In this case, the Q band practically shows the same intensityis the responsible of the obtained products in the electrolysis

at OCP and-0.8V. But when CQ is bubbled in the solu-  [16].

03 — : — 0,3 —

02|
8 8

01|

O'O 1 1 1 1 1 0,0 | 1 1 L L

300 400 500 600 700 800 300 400 500 600 700 800
(A) A /nm (B) A /nm

Fig. 6. (A) UV-vis spectra for the SnF/poly-Ni-TaPc modified electrode in 1 mM NaCj@queous solution at two potentials under &imosphere.
Continuous line: open circuit potential; dashed lired.8 V vs. AGAgCI. (B) UV-vis spectra for the SngF/poly-Ni-TaPc modified electrode in 1 mM
NaClO, aqueous solution at two potentials under Cf8mosphere. Continuous line: open circuit potential; dashed-H0e8 V vs. AJAgCI.
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Fig. 7. (A) Bode plots at£0.17 V vs. AJAgCl) for the GC/poly-Co-TaPc and poly-Ni-TaPc modified electrodes, undeatiosphere, in 1 mM NaClO
agueous solution. Open symbols: phase afigke log f. Filled symbols: logZ vs. log f. Circles: GC/poly-Co-TaPc, triangles: GC/poly-Ni-TaPc. (B) Bode plots
at (—0.17V vs. AgAgClI) for the GC/poly-Co-TaPc and GC/poly-Ni-TaPc modified electrodes, undera@@osphere, in 1 mM NaClOaqueous solution.
Open symbols: phase andlers. logf and filled symbols: log vs. logf. Circles: GC/poly-Co-TaPc, triangles: GC/poly-Ni-TaPc.

3.3. Electrochemical impedance spectroscopic analyses  Fig. 7B, it is possible to observe a second time constant (
wherer =RC (R: charge-transfer resistande, double layer
Impedance measurements were carried out for Co and Nicapacitance) appearing at intermediate frequencies with a
polymers immersed in 0.1 M NaClCelectrolyte saturated phase angle value near to°4%& is interpreted as a diffusional
with N2 or CO,, at steady state potentiostatic conditions. process taking place only when @@ present for poly-Ni-
Due to the complexity of the studied systems and the un- TaPc. This diffusional process is assigned to the early stages
known nature of the polymeric films, it is not possible at of incoming CQ (seeFig. 4) as a result of the polymeric
this point to elaborate circuit equivalent models. For that rea- frame modification by the applied potential. In the case of
son we only compare in a qualitative way the EIS response poly-Co-TaPc no diffusional process is set, due to the smaller
of our systems. Our conclusions are focused to enhance thehickness of the film as already pointed out in the voltammet-
comprehension of the different behavior of the modified elec- ric results.
trodes and for this goal a simple model can be useful. The Fig. 8 shows a plot ofC; as a function of the applied
characteristic impedance profiles, using the Bode represen-potential. Capacity data were obtained from Bode plots at
tation, can be seen fig. 7A and B. At low frequencies the  low frequency regions (cav0.1 Hz) and when the phase an-
impedance is generally capacitive, i.e. the phase angle ap-gle approached to 90Considering the substrate geometrical
proaches 90 degrees indicating charge saturation caused by fiarea of 0.19 crfy the capacitance values sfL00wF (poly-
nite thickness of the polymer. In this case, aredox capacitanceCo-TaPc) andv300uF (poly-Ni-TaPc) obtained at 0.2V
or low-frequency capacitanceC) is defined[36,67—69] indicate rather rough or porous electrof#s,67—70]
For very thin films, the kinetic control region appearing at
high frequencies may overlap with the charge saturation
and no diffusion region is defined. For a porous electrode, —fF - & T~ 4 7§ v !
Cis is proportional to the thickness (or to the film/solution
interface area) and therefore to the total concentration of
redox centers. It can be obtained through the relationship
[36,67—69] 'S 400l i |
1 c a__—" \

Cp=_ - A P
27'l'fZimg 200l N A

whereCj is the low frequency capacitandahe frequency, — N
Zimg the capacitive impedance. 5 .. L L e
Fig. 7A and B show the Bode plots for the polymers un- s0 0 -300 -600 -900

der N; and CQ atmosphere, respectively. The Byersus E (mV) vs Ag| AgC
!Og f plots show at high frequenc!es practically Fhe. Same Fig.8. PlotofCi as afunction of applied potentials for the GC/poly-Co-TaPc
impedance values for both metallic complexes, indicating and GC/poly-Ni-TaPc modified electrodes. Filled symbols:ainosphere

that their charge-transfer resistance does not depend on th@nd open symbols: Gatmosphere. Squares: poly-Co-TaPc, triangles: poly-
metallic center. From the phase angle versus figgot of Ni-TaPc.

600 g
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