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ABSTRACT: Carbonaceous electrodes of dilithium phthalocyanine were prepared using graphite,
carbon microspheres and multiwall carbon nanotubes. The electrochemical behavior of the dilithium
bisphthalocyanine electrodes was found to be dependent on the nature of the carbonaceous material and
on the nature of the electrolytic solution. The electrocatalytic properties of the dilithium phthalocyanine
electrodes for oxidation of ascorbic acid were evidenced by the enhancement of the oxidation peak
current, (~10 fold compared to the bare carbon electrodes) and the decrease of the oxidation potential
at which oxidation of ascorbic acid takes place. The combined use of multiwall carbon nanotubes and
dilithium phthalocyanine produces a synergistic effect that improves the electrocatalytic effect towards

ascorbic acid.
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INTRODUCTION

Phthalocyanines can be immobilized on inert
electrode surfaces such as graphite, carbon, ITO glass, or
gold and exhibit electrocatalytic activity for a variety of
reactions [1-4]. These metal complexes act as mediators
by lowering the overpotential of oxidation or reduction
of the target molecules or increasing the intensity of
the peaks observed. Therefore, phthalocyanine sensors
have been applied in amperometric, voltammetric or
potentiometric electrocatalytic determination of many
organic and inorganic compounds.

Their catalytic action can be described in terms of
chemical structure and chemical and physical properties.
Their reactive centers are clearly identified and their
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reactivity can be modulated by changing the nature of
the central metal or by modifying the structure of the
macrocyclic ligand [2, 5, 6].

The number of works published using phthalocyanines
as sensitive materials for electrochemical sensors is
quite large and include a variety of phthalocyanine
derivatives (central metal ions, substituents), electrode
designs, preparation techniques and target molecules [5,
6]. Metallophthalocyanine complexes (MPc) where the
phthalocyanine ring (in oxidation state -2) is coordinated
toarange of transition metal ions in oxidation state +2 have
been widely studied. Other families of phthalocyanines
have been studied in lesser extent. For instance, some
works have been dedicated to electrochemical sensors
based on lanthanoid bisphthalocyanines which are
sandwich type compounds with free radical character and
ring oxidation state -1.5 [7-10].

The dilithium complex (Li,Pc) is an example of a
different class of phthalocyanine derivative, where the Pc
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ring is coordinated to two lithium ions [11]. Both cations
cannot be accommodated in the center of the cavity and
thus the lithium atoms are projected out of the plane
of the phthalocyanine ring. Dilithium phthalocyanine
possess mixed electronic-ionic conductivity due to
overlap of m—m orbitals (electronic) and mobility of Li*
ion (ionic) in a channel formed due to stacking of the
macromolecules [12]. The electrochemical oxidation
of the dilithium phthalocyanine, produces the lithium
complex (LiPc) (ring oxidation state -1) that can be
considered as the simplest representative of the radical
phthalocyanines [11, 13-15]. As during oxidation
lithium ions are liberated, these molecules have been
used to prepare electrodes for solid state batteries [13].
Such electrodes have been prepared by electrodeposition
[16] or by the Langmuir—Blodgett technique [12]. In
spite of these interesting electrochemical and conducting
properties that make dilithium phthalocyanine (Li,Pc) a
good candidate as electrode modifier, electrochemical
sensors based on Li,Pc have not been yet developed.

Electrochemical sensors based on phthalocyanines can
be prepared using a variety of techniques that include,
polymerization [17], sol-gel [18], Langmuir—Blodgett
[4, 19] or layer by layer [20, 21] among others. One
of the classical methods to prepare electrodes based on
phthalocyanines is the carbon paste technique (CPE) in
which the phthalocyanine is mixed with a carbonaceous
material and a binder to form a paste. In addition, different
types of carbonaceous materials can be used to prepare the
paste [22] that include, graphite, microspheres or carbon
nanotubes among others [23-25]. Microspheres have
the advantage of their high specific surface and porous
structure, whereas carbon nanotubes (CNT) are excellent
candidates for the fabrication of electrochemical sensors
because of their electrical conductivity, large surface area,
low surface fouling and ability to reduce overpotentials
[26-33].

In this work, carbonaceous electrodes of dilithium
phthalocyanine were prepared using graphite, carbon
microspheres and multiwall carbon nanotubes (MWCNT),
and their electrochemical reduction/oxidation behaviors
in a variety of electrolytes were studied in detail. The
possibility of using the Li,Pc as sensitive material and
their electrocatalytic properties have been analyzed.
The synergistic effect of MWCNT and Li,Pc has been
evaluated.

EXPERIMENTAL

Allreagents, including Li,Pc, were of high purity and used
without further purification (Sigma-Aldrich). Solutions were
prepared using deionized water (18.3 MQ X cm resistivity),
Milli-Q, Millipore. Carbonaceous materials used for the
preparation of the CPE electrodes were: Graphite powder
(High purity Ultracarbon®, Ultra F purity. Bay City, MI,
USA), carbon microspheres (from Sigradur G HTW,
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Thierhaupten, Germany) and carbon nanotubes (multi
wall nanotubes, Nanoledge Inc., Boncherville, Quebec,
Canada). Carbon paste electrodes containing Li,Pc
were prepared by mixing the carbonaceous material, the
dilithium phthalocyanine (15%, w/w) and Nujol (Fluka)
as the binder of the composite mixture [34]. Three types
of electrodes were prepared using different carbonaceous
materials: graphite powder was used to prepare classical
graphite based carbon paste electrodes (Li,Pc/G-CPE),
microspheres were used to prepare electrodes with high
surface to volume ratio (Li,Pc/ME-CPE) and multiwall
carbon nanotubes were used to prepare electrodes that
combine two electrocatalysts, Li,Pc and MWCNT (Li,Pc/
MWCNT-CPE). Pastes were packed into the body of a 1
mL PVC (polyvinyl chloride) syringe and compressed.
A metallic copper wire was used as an electrical contact.
Electrochemical experiments were performed using
a three electrode system with a silver/silver chloride
reference electrode, a 1 cm? platinum counter electrode
and the corresponding CPE as the working electrode.
The potentiostat used was an EG&G PARC, Model 2273
potentiostat/galvanostat (Princeton Applied Research
Corp.). Temperature control at 25 °C was achieved using
a circulating bath (Neslab).

RESULTS AND DISCUSSION

Electrochemical studies were carried out in KCI 0.1 M.
Figure 1 shows the cyclic voltammetric (CV) curves
from -1.0 V to +1.0 V at 0.1 V.s™! for Li,Pc carbonaceous
electrodes prepared using graphite (Fig. 1a), microspheres
(Fig. 1b) and nanotubes (Fig. 1c). The electrode prepared
with graphite (Li,Pc/G-CPE) shows a quasi reversible
redox process at E,,, = -0.04 V with a peak separation
(AE) near 0.52 V. According to literature, this redox
process is assigned to phthalocyanine ring oxidation/
reduction (from Pc* to Pc) that gives rise to the LiPc
radical species [35]. The responses were highly stable
and the electrodes could be cycled up to 100 cycles
without important changes in the responses. Only a
slight decrease of the intensity of the peaks was observed
(about 5% for 100 cycles).

Electrodes prepared with microspheres (Li,Pc/
ME-CPE) (Fig. 1b) and nanotubes (Li,Pc/MWCNT-
CPE) (Fig. 1c) showed a similar behavior, but molecular
aggregation of phthalocyanines influenced strongly the
electrochemical responses. The use of carbon forms with
higher active surface (as in the microspheres) caused
a decrease of the separation between the anodic and
the cathodic waves (AE = 0.504 V). This decrease was
clearly more marked when using MWCNT as carbon
material (AE = 0.426 V). This seems to indicate that the
electrochemical oxidation of the Li,Pc is facilitated in the
presence of MWCNT due to the m—r interactions with
the carbon nanotubes that promotes the charge transfer
trough the electrode interface and/or the charge transport
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Fig. 1. Cyclic voltammograms of Li,Pc CPE electrodes prepared using (a) graphite; (b) microspheres and (¢) MWCNT as
carbonaceous material recorded at a scan rate of 100 mV.s™ in 0.1 M KCI

within the film confirming the electrocatalytic effect of
nanotubes. In contrast. MWCNT make it difficult the
reduction process, probable due to the strong interaction
between the nanotubes and the radical species formed
upon oxidation (LiPc).

The dynamic character of the electrode process was
further examined by registering voltammograms at
different scan rates (Fig. 2). In all three electrodes the
intensity of the peaks depends linearly with the square
root of the velocity, indicating a diffusion controlled
process in accordance with the Randles—Sevcik equation
(Equation 1).

[,=2.687 x 10° n¥*v'? D> A C (1)
where I, is the anodic peak current (Ampere), n is the
number of electrons involved in the redox process, V is
the potential scan rate (V.s™"), D is the diffusion coefficient
(cm?s™), A is the electrode surface area (cm?), and C is
the concentration (mM).

This Nerstian behavior is in good accordance with
data obtained using other radical phthalocyanine-CPE
sensors [23]. Table 1 shows the values of the slope of
the curves obtained by representing the intensity of the
anodic peaks vs. the square root of the scan rate. As
observed in the table, the slope of the curve obtained

50pA
200A

Table 1. Slope (m), coefficient of correlation (R?) and diffusion
coefficients (D) obtained by representing the intensity of the
anodic peak and the square root of the scan rate

Electrode m (slope) R? D, cm’s’
Li,Pc/G-CPE 4x10° 0.9606 8.94 x 107
Li,Pc/ME-CPE 3x10° 0.9936 5.03 x 107
Li,Pc/MWCNT-CPE 1x10* 0.9928 3.02x 10°

when using MWCNT was approximately one order of
magnitude higher than for the Li,Pc/G-CPE and Li,Pc/
ME-CPE electrodes, suggesting a faster response. From
the slope of I, vs. v'”? plot, the diffusion coefficient D
(ions diffusing inside/outside the film to maintain the
electroneutrality) could be calculated (Table 1). Again,
the diffusion coefficient obtained for Li,Pc immobilized
in carbon nanotubes is higher than the value obtained
using other carbonaceous forms.

It is worthily noting that although Li,Pc/MWCNT-
CPE also shows a Nerstian behavior, voltammograms
registered at high scan rates appear tilted approaching
progressively to an ohmic conduction. Lithium
phthalocyanine (LiPc) possesses mixed electronic-ionic
conductivity due to overlap of m—m orbitals (electronic)
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Fig. 2. Cyclic voltammograms of Li,Pc/G-CCE (a), Li,Pc/ME-CPE, and Li,Pc/MWCNT-CPE (c) in 0.1 M KCl at scan rates from

50-200 mV.s™!
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Fig. 3. Cyclic voltammograms of Li,Pc/G-CCE (a), Li,Pc/ME-CPE, and Li,Pc/MWCNT-CPE (c), in 1 mM [Fe(CN)4]*/[Fe(CN)4]*

in 0.1 M KCI at 100 mV.s™

and mobility of Li* ion (ionic) in a channel
formed due to stacking of the macromolecules

Table 2. Slope (m), and active area obtained by representing the intensity
of the anodic peak and the square root of the scan rate vs. ferrocyanide

[12]. The formation of the conductive LiPc free
radical and the liberation of Li* ions that are
trapped at the cavities of the MWCNT electrodes,

Electrode

m (slope) Experimental Experimental value

value of active of ratio active area/

can be responsible of this increase in the ohmic
behavior.

Another interesting observation is that at high
scan rates, the shapes of the voltammogranms

area, cm? geometrical area
Li,Pc/G-CPE 0.000155 0.19 27.273
Li,Pc/ME-CPE 0.000114 0.157 20.059
Li,Pc/MWCNT-CPE  0.000174 0.240 30.616

registered using graphite or microspheres are
different from those obtained at low scan rates
and a small second peak at lower potentials is
observed/anodic wave at ca. -0.2 V. According to
the literature, this second peak could be attributed to the
oxidation of Li,Pc to the free radical of phthalocyanine
H(Pc) [35]. That is, from the same starting material (the
Li,Pc), two different products can be obtained depending
on the oxidation conditions. Usually, electrochemical
oxidation produces the radical lithium salt (LiPc), but
under certain conditions (usually chemical oxidation),
the free metal HPc (where Pc is the radical anion Pc’) can
also be obtained. In our case, high scan rates could favor
this new pathway.

In order to understand the electron transfer behavior
of the chemically modified electrodes, we have carried
out electrochemical measurements on Li,Pc/G-CPE,
Li,Pc/ME-CPE, Li,Pc/MWCNT-CPE in presence of
ferrocyanide. The [Fe(CN),]*/[Fe(CN)4]* couple is used
to characterize the active surface (number of active sites
or blocking ability of surfaces). Results are shown in
Fig. 3.

Voltammograms obtained from electrodes prepared
with graphite and microspheres show two redox pairs
associated with both the Li,Pc/LiPc couple (at E,, ca.
0.1 V) and the ferrocyanide/ferricyanide couple (at ca.
0.45 V). Peaks are broad and somehow overlapped. In
contrast, when MWCNT are used, peaks are well separated
and the peak associated with the Li,Pc appears shifted to
lower potentials (anodic wave that appears at +0.2 V in
KCI shifts to -0.1 V). The most interesting feature is that
the intensity of the ferrocyanide increases drastically in

Copyright © 2013 World Scientific Publishing Company

the presence of the MWCNT, indicating that the number
of active sites is amplified. The active area calculated
from voltammograms registered at different scan rates
(50 to 1000 mV.s") according to the Randles—Sevcik
equation (taking into account that the diffusion coefficient
for 10° M ferrocyanide is 7.26 X 10° cm?s! in 1.0 M
KCI solution) was similar for graphite and microspheres
(0.157 cm?®) whereas, for the MWCNT electrode the
calculated active area was 0.24 cm? (Table 2).

The voltammetric responses relies on the transfer
of counterions between the electrolyte and the bulk
of these materials in response to the electron-transfer
processes associated with their oxidation and reduction.
In order to evaluate the influence of the electrolyte in the
electrochemical comportment, carbonaceous electrodes

50pA
[

40 05 00 05 10
E, V vs Ag/AgCI

Fig. 4. Cyclic voltammogram of Li,Pc/ME-CPE recorded at a
scan rate of 100 mV.s" in 0.1 M HCl
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Fig. 5. Cyclic voltammograms of Li,Pc CPE electrodes prepared using (a) graphite; (b) microspheres and (c) MWCNT as
carbonaceous material recorded at a scan rate of 100 mV.s™ in 0.1 M LiClO,

were also immersed in solutions containing different
electrolytes.

The role of protons was studied by immersing the
electrodes in HCl. The cyclic voltammogram of the
Li,Pc/MWCNT-CPE electrode in 0.1 mM HCI (pH = 3)
is shown in Fig. 4. In the presence of protons, the three
electrodes show two anodic waves of similar intensity
at ca. -0.2 V and +0.25 V. The cathodic wave contains
a small peak at +0.05 V and a broad and intense peak
at -0.6 V. These two redox processes could be due to
the formation of a protonated species in HCI that has
also been described in other radical species [9]. This
protonated ring can be oxidized at lower potentials than
the neutral Li,Pc.

As previously established, the electrochemical
oxidation of the dilithium salt of phthalocyanine, the
Li,Pc, produces de monolithium radical derivative
LiPc, (that possess mixed electronic-ionic conductivity)
with liberation of Li* ions [17]. Due to the important
role of Li* ion in the ionic conductivity of Li,Pc, the
electrochemical behavior of these electrodes was tested
in a LiCIO, solution. As shown in Fig. 5, the presence
of Li* ions produces two effects in the CVs. The first
effect is an increase in the separation between the anodic
and cathodic waves of the redox pair Li,Pc/LiPc while
voltammograms become tilted and show an increased
ohmic behavior. This may be the result of an increase
in their conductivity through the easier transfer of the
Li* ions in the presence of lithium in the solution. In
addition, the IR drop for electrolyte motion in carbon
pores affects the double-layer formation mechanism, in
which the charge stored is recognized to be distributed.
The second effect is that the intensity of the peaks
decreases upon successive cycling, indicating that the
active sites are progressively blocked. This decrease
is dependent on the surface area of the carbonaceous
materials and follows the trend Li,Pc/G-CPE > Li,Pc/
ME-CPE > Li,Pc/MWCNT-CPE. That is, in MWCNT
this effect is almost negligible.

When using NH,OH as electrolyte, the responses are
highly similar to those obtained in LiClO,. The cyclic

Copyright © 2013 World Scientific Publishing Company
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Fig. 6. Cyclic voltammogram of Li,Pc/ME-CPE electrodes
recorded at a scan rate of 100 mV.s™ in 0.1 M NH,OH

voltammograms also become tilted and pointed at each
end and the intensity changes almost linearly with
potential over a very wide range (Fig. 6). But in this
case, all modified electrodes showed improved stability
and the blocking effect is almost unexistent. These
results indicate that NH," ions can also participate in
the ions motion inside the electrodes and to the double
layer formation, but the basic environment prevents the
blocking of the active sites.

Finally, the response of the electrodes towards an
antioxidant of interest in the food industry such as the
ascorbic acid was tested (Fig. 7). Voltammograms show
peaks of two different origins: peaks associated with
the oxidation-reduction of the ascorbic acid present in
the solution and transient responses associated with the
electrode material (Li,Pc). But, the important issue is that
the interactions that occur between the electrode and the
ascorbic acid can improve the electrochemical signals.

In all three electrodes, the electrocatalytic behavior of
Li,Pc causes a decrease in the oxidation potential of the
ascorbic acid that using a bare electrode appears at 0.62'V,
but shifts to lower potentials in the presence of Li,Pc
(0.57 V in Li,Pc/G-CPE, 0.50 V in Li,Pc/ME-CPE and
0.45 V in Li,Pc/MWCNT-CPE). In addition, the anodic
peak associated with the Li,Pc also appears at lower
potentials (-0.07 V).
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Fig. 7. Cyclic voltammograms of (a) bare MWCNT-CPE and (b) Li,Pc/MWCNT-CPE electrodes recorded at a scan rate of 100

mV.s'in 0.4 x 10* M ascorbic acid

Catalysis was also evidenced by the enhancement of
the oxidation peak current, (~10 fold compared to the
bare MWCNT electrodes). The charge passed under the
curve was larger for MWCNT than for microspheres
or graphite. This result indicates that carbon nanotubes
facilitate the charge transfer trough the electrode interface
and/or the charge transport within the film. The strong
electrocatalytic effect observed in the Li,Pc/MWCNT-
CPE immersed in ascorbic acid can be attributed to
the synergistic effect between MWCNT and Li,Pc that
improves electrocatalysis for the detection of ascorbic
acid. This is illustrated in Fig. 7 where the response of a
bare MWCNT-CPE and a Li,Pc/MWCNT-CPE towards
ascorbic acid is shown.

CONCLUSION

The electrochemical behaviour of carbonaceous
electrodes of dilithium phthalocyanine prepared using
graphite, carbon microspheres and multiwall carbon
nanotubes, has been analyzed. The three carbon materials
are adequate for the immobilization of Li,Pc and show
distinct electrochemical behaviours that are related to
the nature of the carbon material. The electrode formed
by combining MWCNT and the Li,Pc shows a higher
diffusion coefficient and an increased number of active
sites. The electrochemical response registered in different
electrolytic solutions was found to be largely dependent
on the nature of the ions present in the solution. In the
presence of protons, the electrodes showed two anodic
waves produced by the protonation of the Pc ring,
whereas the presence of LiClO, or NH,OH, the mobility
of lithium ions is promoted increasing the ohmic
conduction. The electrodes were also used to detect
citric acid, an antioxidant of interest in the food industry.
It was demonstrated that the electrocatalytic properties
of the Li,Pc facilitate the oxidation of the citric acid.
The simultaneous use of two electrocatalysts MWCNT
and Li,Pc produced a synergic effect that improved the
electrocatalytic effect.

Copyright © 2013 World Scientific Publishing Company
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