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Abstract

Electrocatalytic hydrazine oxidation was studied by using a glassy carbon electrode coated with monomeric and polymeric
Fe-tetraaminophthalocyanine. The polymeric complex-modified electrode is a better catalyst than the monomer-modified
electrode. It presents higher activity at lower potentials and a very good reproducibility. A linear correlation bigtween
and hydrazine concentration in a wide range, from 1075 to 1 x 1072M at pH 13 for the polymer-modified electrode
was obtained. The open circuit measurements for the polymer-modified electrode in aqueous solution in both presence and
absence of hydrazine show that an electronic transfer occurs without an applied potential, from the hydrazine to the Fe (ll)
metal center. The kinetic electro-oxidation parameters for the polymer-modified electrode were investigated and a probable
mechanism operating at pH 13 is proposed. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction [12-14]. In some cases, an outstanding result has
been obtained such as in the oxygen electroreduc-
Transition-metal phthalocyanine modified electro- tion at poly-cobalt-tetraaminophthalocyanines mod-
des have been widely studied due to their numer- ified electrodes, where reduction occurs via two
ous applications on electrocatalysis such as O and four electrons [14], whereas, the reduction oc-
[1-3] and peroxide reduction [4-7], thiols [8,9] curs only via two electrons to give peroxide with
and hydrazine oxidation [10,11]. In the last years, a monomer-modified electrode [2]. The electrocat-
the possibility of electropolymerizing macrocyclic —alytic behavior of poly-iron-tetraaminophthalocyanine
complexes on the electrode surface has also beenmodified-electrodes has not been extensively studied
studied, with the purpose of increasing stabil- due to some electropolymerization limitations, which
ity and electrocatalytic activity of these systems take place during the process, because the polymer-
ization kinetic becomes slower as the polymer grows
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Wang et al. [15], the first contributors in this area at
our knowledge, observed the same limitation during
the electropolymerization. Nevertheless, they obtain a
good polymeric modified-electrode and reported their
application as an amperometric sensor of organic
peroxides.

In this work, we present an electrocatalytic activity
study of glassy carbon electrodes modified by poly-
iron-tetraaminophthalocyanine as an electrocatalyst
for hydrazine oxidation reaction. These study shows
an increased electrocatalytic activity for the polymer
compared with the monomer modified electrode to-
ward this reaction and presents its possible application
as an amperometric sensor of hydrazine.

2. Experimental

Iron-tetraaminophthalocyanine (Midcentury Co.)
was used as received. The working electrode monomer
modification was performed placing a drop of
monomer solution (Ix 10-3M) in DMSO on the
electrode glassy carbon surface. Afte h the elec-
trode was rinsed with DMSO, ethanol and deionized,
bidistilled water. Polymeric films were grown by po-
tentiodynamically cycling the glassy carbon electrode
in a 1x 10~3 M, Fe-tetraamninophthalocyanine/0.1 M
TBAP/DMSO solution, betweer-0.6 and+1.15V
versus Ag/AgCI during 100 cycles. After polymeriza-
tion, the modified electrode was rinsed with DMSO,
ethanol and then with bidistilled water. Solvents were
chromatographic grade and electrolytes were analyti-
cal grade.

Electrochemical experiments were performed in
a three-compartment glass cell, one for each of the
electrodes: the working electrode, glassy carbor
0.19 cn?), the reference electrode, saturated Ag/AgCl,
to which all the potentials are quoted, and the counter
electrode, a Pt coil{ = 14cnf). All measure-
ments were carried out in aqueous solutions of 0.1 M
Na,CO3, 0.1 M NaHCQ and 0.1 M NaOH mixed in
different proportions to obtain solutions at various
pH (8 to 13), deaerated with puresNHydrazine (hy-
drazinium sulfate, p.a. from Merck) was used without
further purification. All the measurements were car-
ried out at 23C under nitrogen. An AFCBP1 Pine
Bipotentiostat provided with PineChem 2.5 software
and a Pine Analytical Rotator (AMFSRXE) were
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used to obtain data for the electropolymerization and
hydrazine electro-oxidation.

3. Results and discussion

3.1. Characterization of electrodes modified with the
monomer and the polymer

Fig. 1 shows the cyclic voltammograms cor-
responding to the electropolymerization of the
iron-tetraaminophthalocyanine on the glassy carbon
electrode from a % 10~3 M solution of the monomer
in DMSO/0.1 M TBAP. The increase of the peaks is
due to electropolymerization growing. The irreversible
oxidation wave that appears at ca. 0.9V would cor-
respond to the oxidation of the amino groups that
give origin to the electropolymerization. The polymer
is stable in DMSO solution and in aqueous solution
because no appreciable change was observed in the
voltammetric profile of the polymer-modified elec-
trode at least after 100 cycles in both organic and
agueous solutions between the same potential limits
used during the electropolymerization (not shown).
On the other hand, the monomer-modified electrode
is not stable in DMSO solutions between the same
potential limits, probably because the monomer is
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Fig. 1. Cyclic voltammetry corresponding to the electropolymer-
ization of iron-tetraaminophthalocyanine on a glassy carbon elec-
trode. Electrolyte: WDMSO/0.1 M TBAP solution with 1 mM of

the monomer. Potential limits=0.6 and+ 1.15V vs. Ag/AgCl.
Scan rate: 200mVe. The curves correspond to the cycles 10,
30, 60 and 100 in the sense of the arrows.
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Fig. 2. (A) Voltammetric profile of the absorbed polymer on a
glassy carbon electrode surface in adéaerated aqueous solution
at pH 13. Scan rate: 200 mV5. Potential limits:—0.9 and+0.2 V

vs. Ag/AgCI. The la/lc and lla/llc couples correspond to Fe (ll)/Fe
(1) and Fe (ll)/Fe (I), respectively; (B) Voltammetric profile of
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and more difficult to reduce the Fe(ll) to Fe(l) in the
polymer than in the monomer, probably because the
electronic density in the metal center is higher in the
polymer than in the monomer. A similar effect was
obtained in a comparison between Co-phthalocyanine
and Co-naphthalocyanine, where it was observed that
the HOMO in the naphthalocyanine was higher in
energy compared to the phthalocyanine because the
nitrogen atoms bonded to the metal have more elec-
tronic density in the first case [11]. The extended
w-system in the polymer may act as an electronic
density donor to the metal center and converted it in
a more reactive center to the electro-oxidation catal-
ysis [17-19]. Similar effects have been reported for
substituted phthalocyanines where the substituents,
that act as electronic density donors, enhanced the
electro-oxidation activity of the phthalocyanines [20].
In this case, the extended ligand, acts as a substituent
that shifts the position of the redox couple Fe(I)/(1)
to lower potentials. The oxidation of hydrazine be-
gins when Fe(l) becomes Fe(ll) and Fe(ll) is able
to form an adduct with hydrazine. That could be the
reason for the higher catalytic activity of the polymer
compared to the monomer modified-electrode [21].
Charges obtained from the voltammograms of
Fig. 2 are quite similar for both the monomer
and the polymer-modified electrode®onomer =
4.2 x 107°C and Qpglymer = 7.5 x 107°C). This
would be explained assuming that the polymer cor-
responds to a very thin film and the monomer form
aggregates on the electrode surface [22].

the absorbed monomer on a glassy carbon electrode surface in a3.2. Hydrazine electro-oxidation

N, deaerated aqueous solution at pH 13. Scan rate: 200mVs
Potential limits: —0.9 and+ 0.2V vs. Ag/AgCl. The la/lc and
lla/lic couples correspond to Fe (Il)/Fe (I) and Fe (ll)/Fe (l1),
respectively.

dissolved into the solution and/or polymerizes, but
it is stable in aqueous solution (at least, 50 cycles).
Fig. 2 shows the voltammetric response of both
modified electrodes in aqueous solution at pH 13,
where the reversible redox couples la/lc and lla/llb
would correspond to Fe(ll)/Fe(l) and Fe(lll)/Fe(ll),

respectively [16]. The potential of the couple la/lc
appear at lower potential for the polymer-modified
electrode than for the monomer-modified electrode.
It means that it is easier to oxidize Fe(l) to Fe(ll)

Fig. 3 shows the voltammetric response of the
monomer and polymer-modified electrodes in aque-
ous solution at pH 13, in presence of 5mM hy-
drazine. In this figure, the hydrazine oxidation begins
at a lower potential for the polymer than for the
monomer-modified electrode. It means that the poly-
mer modified-electrode is a better catalyst than the
monomer-one, because for the polymer, the oxida-
tion of hydrazine requires low energy to take place.
The polymer-modified electrode shows an oxidation
wave for the reverse scan where the maximum of the
peak shifts to a more positive potential than for the
forward scan, but this behavior takes place only for
the first cycle. For the second and subsequent cycles,
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Fig. 3. Voltammetric response of the polymer (--) and the
monomer (—) modified electrodes at a pH 13, deaerated aque-
ous solution which contains 5mM of hydrazine. The response
of the bare electrode is also shown -(). Potential limits:—0.9
and+ 0.2V vs. Ag/AgCl. Scan rate: 200 mV4. The figure cor-
responds to the first cycle of both modified electrodes.

Fig. 4. Voltammetric response of the polymer-modified (—) and
the bare electrode {-) in the presence of 5mM of hydrazine in
N, deaerated aqueous solution at different pH. The conditions of
the experiments are the same as in Fig. 3.

contributions. Near the top of the voltammetric wave,
the maximum remains for the forward and reverse the current is predominantly diffusional and in that
cycle in the same position as in the reverse scan of case, this current has not a kinetic meaning [23,24].
the first cycle. Thd, for the polymer-modified elec-  For that reason, it is necessary to use only the be-
trode, changes only for the first cycle between the ginning of the voltammetric wave to obtain the Tafel
forward and the reverse scan. The subsequent scanslopes. Fig. 5 shows that the mechanism of the ox-
show similar waves without hysteresis (not shown). idation changes with the pH in the range pH 13-8
In the case of the monomer, during the first cycle the because the Tafel slopes are different. For pH 11-13,
current maximum for the forward and reverse scan is the Tafel slopes are 120 mV/decade that means a first
practically the same. For the second and subsequentelectronic transfer depending on the applied poten-
cycles, the current maximum slowly decays. These
results show that the polymer-modified electrode is
a better catalyst for the hydrazine oxidation than gof T T T T T T T T T T T
the monomer-modified electrode since the oxidation .

begins at a lower potential. For that reason the fol- O 90 T
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fied electrode. The behavior of the polymer-modified
electrode, contrarily of the bare electrode for the hy-
drazine oxidation depends on pH, being the highest

current and the lowest potential at pH 13, as shown in 3 240f 1301
Fig. 4. In Fig. 5, it can be appreciated the Tafel slopes - .
for the electro-oxidation of hydrazine on the polymer -2 / .
modified-electrode at various pH. In order to obtain a e U
Tafel slope with a clear kinetic meaning it is neces- 0 04 08 12 16 20 24
sary to utilize the portion of the current corresponding log i/pA

to the faradaic process. The current of the beginnin
P 9 9 Fig. 5. Tafel slopes obtained for the hydrazine oxidation electro-

of the _VOItammetrlC wave prlnC|paI|y corr_esponds .tO catalyzed by the polymer-modified electrode ip ¢ieaerated solu-
faradaic current. When the voltammetric wave in- tions at different pH. These data were obtained from polarization
creases, the current has faradaic and mass-transporturves. Scan rate: 5mv$ and at 900 rpm of rotation rate.
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tial as the rate determining step [24], whereas at pH 120 |

between 9 and 10, it is close to 80 mV/pH. At pH 8
the Tafel slope tends to 40 mV/decade. These results
can be interpreted as follows: at pH 11, the rate
determining step is the first electron transfer. For pH <
8-10, the Tafel slopes are not very linear and it is . 340
not easy to explain what that means. A Tafel slope

of Ca. 80 mV/decade could indicate the presence of 300
two different mechanisms operating simultaneously r
depending on the potential [24] and/or a variation 20
in the relationship between the number of protons 1t
related with the transfer of an electron [25]. In a 012 016 020 02 028 032
similar way, a Tafel slope of 40 mV/decade corre- A

sponds to r_eactions involving a rapid one-electron Fig. 6. Plot of I, vs. v/2 (where is the scan rate) at pH 13,
transfer, taking place before the one-electron trans- in the presence of 5mM of hydrazine, taken from voltammetric
fer rate-determining step [24]. Changes on the Tafel profiles. Scan rates from: 0.01 to 0.1'Vs

slopes of similar nature have been reported by Zagal
et al. [26] for electrocatalysis promoted by transition , ) ) ,
metal phthalocyanine modified electrodes. On the Wherev is the potential sweep rate awdh is an ir-
other hand, the Tafel slope does not change at pH 13 rever5|b|l|tyf parameteiK is a constant related tR,
for different hydrazine concentrations, and they have 1» 7+ Do, E* (formal potential) and (the standard
a unique valor equal to 120 mV/decade. This means Netérogeneous rate constant).

that a unigue mechanism not depending on the hy- 1/2 1/2 1/2

drazine cgncentration operates a? pH 1%, where tri/e Ip = (229 x 109 (am) AIN2Ha] D / 2)

rate determining step is the first electron transfer. wheren is the total number of transfer electrodsis
To determine the OH order, the following relation-  the electrode area aridy is the diffusion coefficient.
ship can be used3E/épH); = —m(3E/S§10gi)pH, From a plot ofl, (at constant potential) versug/?

where m is the OH™ order [26]. As the Tafel (see Fig. 6) and a plot d&, versus logv (see Fig. 7)
slopes for distinct pH are also different, the order and consideringdo = 1.4 x 10~5cms1 [10], it can
in OH™ has to be calculated separately for groups, pe estimated: = 3.7 electrons. Therefore, the net
which have the same Tafel slopes. Therefore, for
pH > 11, E/SpH); = 112mV/pH and as the .
Tafel slopes are close to 120 mV/decade, the order o ' '

in OH™ ions is of 1. For pH values between 9 and 018k o
10, (E/8pH); = 85mV/pH and the Tafel slopes
are close to 80 mV/decade, so, an order of 1 is also
obtained for this pH range. Only at pH 8 the order
in OH~ is difficult to determine. At pH 13, the Tafel
slope does not change for different hydrazine concen-
trations and correspond to a value of 120 mV/decade.
The plot (not shown), of lod, at constant potential o2t
versus log [NH4] is linear and the slope is one, so
the order on hydrazine is 1 at pH 13. The total num-
ber of transfer electrons for hydrazine molecule can
be determined from the following equations [10,23]:

Ep/V vs Ag/AgCL

log v/ Vs

Fig. 7. Plot of Ep vs. log v (wherev is the scan rate) at pH 13,
Ep=K + 0.03 |Ogv ( ) in the presence of 5mM of hydrazine, taken from voltammetric
P an profiles. Scan rates from: 0.01 to 0.1Vs
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reaction at pH 13 is: [Fe()-Pc- - - NoHz ] + OH™

NaHs + 40H™ — Np + 4H,0 + 4e” < [Fe()-Pc. - -NaHg] + Ho0 <kk_1)
On the other hand, the open circuit potential for the !
polymer modified electrode changes fron0.179V [Fe()-Pc- - - + N2H3]
in the absence of hydrazine (at pH 13) to values be-
tween—0.44-0.47 V when in the solution are present
variable amounts of hydrazine at the same pH. The
open circuit potential obtained in absence of hydrazine [Fe()-Pc-- -+ NoHz] ™
would correspond to an interface where the metal is
at an oxidation state of Il. On presence of hydrazine,
the shift of the open circuit potential could be at-  Finally, Fig. 8 shows a linear relationship between
tributed to an electron transfer from the hydrazine to the Ip (current maximum) and the hydrazine con-
the metal, which changes its oxidation state from Il -antration in the concentration rangex110-6 and
to I. Then, the first electron transfer depending on the 1 , 10-2 M of hydrazine, at pH 13. From this figure,
applied potential would correspond to the regenera- 5 order of one in hydrazine and a good and linear
tion of the metal as Fe (Il), which is able to form an  pepavior between concentration and current for this
adduct with the hydrazine and in this way, to promote gjectro-oxidation can be confirmed. In this way, it
the electro-oxidation [25,27,28]. On the basis of the can pe proposed that the polymer-modified electrode
results shown above, we can postulate a mechanismean pe used as an amperometric sensor for hydrazine,

— [Fe()-Pc---NoH3] + € (r.ds)

< [Fe(ll)-Pc]+ NoH2 + H2O + e

for the first steps of this oxidation at pH 13: because its response is high and does not change
4 with time. Obviously, a real sensor needs to respond
[Fe(Il)-Pc]+ NoHs < [Fe(l)-Pc. - - N2Hg ] to the presence of the hydrazine in the same way
<£> although there were in the solution, other species. In
k2 this way, it can be interesting to form composites with
1600 T T T T T T
1200 - =
< 800 _
=N
\ﬂ.
400 -
o & 09 o1
[NH, 1/mol L
1 1 1 1 1 1
0 002 0.04 006 008 010
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Fig. 8. Plot ofl, vs. hydrazine concentration, taken from voltammetric profiles at pH 13, at 200@m the bottom of the figure there
is the first part of it, in another scale to show the linearity at low concentration.
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non-active membranes, to increment the selectivity of [6] T.V. Filippova, T.V. Liverova, E.R. Milaeva, V.N. Kopra-

the polymer. nenkov, M.V. Kuznetsov, Kinetic and Catalysis 36 (2) (1995)
211.

[7] T.V. Filippova, M.V. Kuznetsov, E.A. Bhyumberg, E.R.
Kuznetsov, Kinetic and Catalysis 36 (2) (1995) 218.

[8] J.H. Zagal, M.J. Aguirre, C.G. Parodi, J. Sturm, J. Electroanal.
Chem. 374 (1994) 215.

[9] M.J. Aguirre, M. Isaacs, F. Armijo, N. Bocchi, J.H. Zagal,
Electroanalysis 8 (1998) 571.

4. Conclusion

The polymer-modified electrode is a better cat-
alyst for the oxidation of hydrazine than the [10]J. zhang, Y.-H. Tse, W.J. Pietro, A.B.P. Lever, J. Electroanal.
monomer-modified electrode probably due to the Chem. 406 (1996) 203.
enhancedr-system that act as an electronic density [11] M. Isaacs, M.J. Aguirre, A. Toro-Labbé, J. Costamagna, M.

; g Paez, J.H. Zagal, J. Electrochim. Acta 43 (1-13) (1998) 1821.
QOnoi: to th; metal Clemgr 'I:Ie/(I”) In ’The polymer S.hllft [12] B. Ortiz, S.-M. Park, N. Doddapaneni, J. Electrochem. Soc.
ing the re ox couple e(I/(l) to lower potentials. 143 (1996) 1800.
The hydrazine reduces the metal center Fe (Il) of the [13] H. Li, T.F. Guarr, J. Chem. Soc., Chem. Commun. (1989)
polymer in absence of applied potential. The role of 832.
the potential is the regeneration of the oxidation state [14] Y-H. Tse, P. Janda, H. Lam, J. Zhang, W.J. Pietro, A.B.P.

(I of the metal. It was obtained a linear correlation
betweenl, and hydrazine concentration in a wide
range, from Ix 106 to 1x 1072 M, at pH 13. In this

sense, the polymer-modified electrode could be used

as an amperometric sensor of hydrazine.
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