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Abstract A polymer of tetra(4)-(4,6-diaminopyrimidin-2-
ylthio) phthalocyaninatocobalt(II) (CoPyPc) has been depos-
ited over a multiwalled carbon nanotube (MWCNT) platform
and its electrocatalytic properties investigated side by side
with polymerized cobalt tetraamino phthalocyanine
(CoTAPc). X-ray photoelectron spectroscopy, scanning elec-
tron microscopy and cyclic voltammetry studies were used for
characterization of the prepared polymers of cobalt phthalo-
cyanine derivatives and their nanocomposites. L-Cysteine was
used as a test analyte for the electrocatalytic activity of the
nanocomposites of polymerized cobalt phthalocyanines and
multiwalled carbon nanotubes. The electrocatalytic activity
of both polymerized cobalt phthalocyanines was found to be
superior when polymerization was done on top of MWCNTs
compared to bare glassy carbon electrode. A higher sensitivity
for L-cysteine detection was obtained on CoTAPc compared
to CoPyPc.

Keywords Electrocatalysis . L-Cysteine . Cobalt
phthalocyanine . Electropolymerization .Multiwalled carbon
nanotubes

Introduction

Metallophthalocyanine complexes (MPcs) are well-known
electrocatalysts [1, 2]. Thin films of MPcs on solid electrode
surfaces have been fabricated by different pathways including

adsorption [1, 2], electropolymerization [3–8] and click chem-
istry [9] to name just a few. In this work, we fabricate an
electrocatalytic platform in two steps: (i) firstly by drop-
drying multiwalled carbon nanotubes (MWCNTs) on a glassy
carbon electrode followed by (ii) electropolymerization of the
cobalt phthalocyanine (CoPc) derivatives. The CoPc deriva-
tives are the recently reported [10] tetra(4)-(4,6-
diaminopyrimidin-2-ylthio) cobalt(II) phthalocyanine
(CoPyPc) and the well-known cobalt tetraamino phthalocya-
nine (CoTAPc). We have reported on the electrocatalytic be-
havior of CoPyPc or CoTAPc in the presence of MWCNT
when the CoPc derivatives and MWCNT are adsorbed onto
glassy carbon electrode (GCE) [10, 11]. Adsorption is a fast
and easy method. However, its limitation is that it is not often
reproducible. Polymerization is more reliable and the thick-
ness of the film can be controlled by the number of polymer
cycles. Hence, this work reports on the polymerization of
CoTAPc and CoPyPc (separately) onto MWCNT and evalu-
ates their electrocatalytic activity. The polymerization of
CoPyPc is reported in this work for the first time. CoPyPc
has different polymerizable groups on the substituent, and
we use X-ray photoelectron spectroscopy (XPS) to confirm
the point of polymer formation on the CoPyPc molecule. A
partial representation for polymerization of CoPc derivative is
shown in Scheme 1 using CoPyPc as an example. We com-
pare the electrocatalytic activities of the adsorbed and poly-
merized complexes. MWCNTs have been used as support
systems to enhance electrocatalysis for MPcs and have good
conductivity properties [12–15]. Electropolymerisation of
CoTAPc on electrode surfaces is well known [3–8] but its
electropolymerisation on a MWCNT platform for
electrocatalysis has not been well studied. We show in this
work that electropolymerizing CoTAPc on MWCNT im-
proved electrocatalysis considerably compared to adsorption.
We also compare the electrocatalytic behavior of CoTAPc
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polymerized on MWCNTwith that of CoPyPc also polymer-
ized onMWCNT. The cyclic voltammetry peaks for the CoIII/
CoII process (involved in electrocatalytic oxidation of L-cys-
teine) in polymerized CoTAPc are ill-resolved [16]. We
employed CoPyPc in this work since it has additional amino
groups (and has sulphur atoms); hence, it is expected that its
oxidationwill occur more readily and result in a more resolved
CoIII/CoII couple. However, CoPyPc might also have a more
complex polymer due to the presence of a higher number of
polymerizable groups compared to CoTAPc, resulting in dif-
ferent electrocatalytic properties.

The modified electrodes are employed for the detection of
L-cysteine (as a test analyte), and the results are compared to
when CoPc derivatives are adsorbed rather than polymerized.
The effect of MWCNT on the electrocatalytic effect is evalu-
ated. L-Cysteine was chosen since its high levels are

associated with risks of vascular disease among many others
[17]; hence, its detection is of importance. The oxidation of L-
cysteine on polymerized CoTAPc (without MWCNTs) [4] or
on CoTAPc mixed with MWCNTs [11] has been reported.
This work shows that polymerizing CoTAPc on MWCNT
improves electrocatalytic activity towards detection of L-
cysteine.

Experimental

Materials

Dimethylformide (DMF), absolute ethanol, L-cysteine, buffer
tablets, MWCNT, alumina and tetrabutylammonium
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tetrafluoroborate (TBABF4) were from Sigma Aldrich.
CoPyPc [10] and CoTAPc [18] were synthesized according
to literature.

Equipment

An Autolab Potentiostat PGSTAT30 equipped with
GPES software version 4.9 was used for cyclic volt-
ammetry studies. A three-electrode electrochemical cell
comprising of a GCE (geometric area = 0.071 cm2) as
the working electrode, Ag|AgCl (3 M KCl) as reference
electrode (for studies in aqueous media) and a platinum
wire as the counter electrode was employed. An Ag
wire pseudo reference electrode (Ag/AgCl) was
employed for the electropolymerization of CoPc deriva-
tives in DMF. BAS 100B electrochemical workstation
was used for rotating disk electrode (RDE) voltammetry
studies.

Scanning electron microscope (SEM) images were obtain-
ed using a JOEL JSM 840 scanning electron microscope.
Glassy carbon plates (Goodfellow, UK) of 1 × 1 cm and
2 mm thick were used as substrates for SEM. X-ray photo-
electron spectroscopy (XPS) analysis was done using an AX-
IS Ultra DLD, with Al (monochromatic) anode equipped with
a charge neutraliser, supplied by Kratos Analytical. The fol-
lowing parameters were used: the emission was 10 mA, the
anode (HT) was 15 kV and the operating pressure below
5 × 10−9 Torr. A hybrid lens was used and resolution to ac-
quire scans was at 160 eV pass energy in slot mode. The
centre used for the scans was at 520 eV with a width of
1205 eV, with steps at 1 eVand dwell time at 100 ms.

Electrode modification

The glassy carbon working electrode surface was
polished using silicon carbide grinding paper (grit
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1200) followed by polishing on a Buehler-felt pad using
alumina (0.05 μm). Between each polishing step, brief
sonication in absolute ethanol was used to remove any
impurity. The electrode was then rinsed with Millipore
water and dried under argon. The GCE was then mod-
ified with (i) poly-CoPyPc, (ii) poly-CoTAPc, (iii) poly-
CoPyPc-MWCNT and (iv) poly-CoTAPc-MWCNT.
Poly-CoPyPc-GCE and poly-CoTAPc-CGE were pre-
pared by repetitive cyclic voltammetry scanning of the
bare GCE in their respective 1 × 10−3 M solutions pre-
pared in DMF containing 0.1 M TBABF4 electrolyte.
Poly-CoPyPc-MWCNT-GCE and poly-CoTAPc-
MWCNT-GCE were prepared in two stages; (i) 0.5 μL
MWCNT (1 mg per 1 mL in DMF) was drop-dried onto
the GCE followed by (ii) repetitive cyclic voltammetry
s c ann i ng o f t h e MWCNT mod i f i e d GCE in
1.0 × 10−3 M of each CoPc derivative solution. After
the repetitive scanning process, the electrode was rinsed
with dry DMF and dried under argon before each use.
RDE experiments for kinetic studies were done in 8 mM
L-cysteine. Experiments were also performed where
CoPyPc (a drop of 1.0 × 10−3 M solution) was added
to the GCE followed by drying, represented as
adsorbed-CoPyPc-GCE. CoPyPc (1 mL of 0.001 M)
was also mixed with 1 mL MWCNT (1 mg per 1 mL
in DMF), and 0.5 μL of the mixture was added to the
electrode followed by drying, represented as mixed-
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CoPyPc-MWCNT-GCE. The detection of L-cysteine on
adsorbed-CoTAPc-GCE and mixed-CoTAPc-MWCNT-
GCE has been reported before [11].

Results and discussion

Electropolymerization of poly-CoPc derivatives on bare
and MWCNT-GCE

The electropolymerization of CoTAPc or CoPyPc on
GCE or MWCNT-GCE was achieved through repetitive
potential scanning in 1 × 10−3 mol L−1 of their respec-
tive monomeric phthalocyanines, in freshly distilled
DMF containing 0.1 M TBABF4 supporting electrolyte
(Fig. 1a–d). The polymerization of CoTAPc on bulk
carbon electrodes is well known [3–8] (Fig. 1a). The
cyclic voltammogram changes observed during polymer-
ization of CoTAPc in Fig. 1a are similar to those re-
ported in literature [7, 19] but the peaks are more re-
solved in the current work. Figure 1b shows the
electropolymerization of CoTAPc on adsorbed MWCNT.
Figure 1c, d shows the electropolymerization of CoPyPc
on GCE and on MWCNT-GCE, respectively. During
polymerisation process, it was observed in all cases that
the first scans (red lines) were different from subsequent

scans, an indication of polymer formation. Furthermore,
subsequent scans exhibited increasing currents, and this
confirms the growth and development of better
conducting polymeric species on electrode surface.
Figure 2a, b summarizes the CVs of the polymeric
forms in the presence and absence of MWCNT. Only
scans number 8 were plotted for comparison in Fig. 2.
Figure 2 shows an increase in conducting properties when the
polymeric forms of both MPc derivatives were formed on
MWCNT, hence confirming that MWCNT promote electron
transfer. There was a larger current increase during the poly-
merization of CoTAPc compared to CoPyPc on both GCE and
MWCNTs, suggesting better conductivity for the former. Po-
lymerization was continued until there was no further increase
in current; the resulting electrode was employed for
electrocatalysis.

Process II in Fig. 1 may be assigned to CoII/I redox
couple while process III is likely to correspond to CoIII/II

redox couple in comparison with literature [16, 19–21].
Process III is not well resolved as has been observed
before [16]. Increasing the number of scans for polymer
formation was reported not to improve resolution of the
process III peaks [16]. The CoIII/CoII process III was
more resolved for CoPyPc compared to CoTAPc, but
only during the first scan, there after the peaks were
weaker probably due the nature of the polymer formed.

Table 1 Rate constants for L-
cysteine oxidation and surface
coverage for the modified
electrodes

Electrode type Rate constant, k (cm s−1)

For L-cysteine detection

Surface coverage,
Г (mol cm−2)

poly-CoTAPc-GCE 6.16 × 10−4 2.69 × 10−9

poly-CoTAPc-MWCNT-GCE 1.54 × 10−3 2.33 × 10−9

poly-CoPyPc-GCE 2.66 × 10−4 3.04 × 10−10

poly-CoPyPc-MWCNT-GCE 4.33 × 10−4 3.49 × 10−10

Fig. 4 SEM images (on glassy
carbon plates) of MWCNT before
(a) and after polymerisation with
CoPyPc (b)
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The peaks near 1 V are associated with the oxidation of
the amino group [22]. The rest of the processes are
phthalocynanine ring-based.

Characterization of modified electrodes

Cyclic voltammetry (CV)

CVs were run for each modified electrode system at varying
scan rates in pH 4 buffer system (Fig. 3, using CoPyPc as an
example).

The active electrode area (A) was obtained through the
Randles-Sevcik (Eq. 1) [23] and used to calculate the surface
coverage.

Ip ¼ 2:69� 105nACD
1
2ν

1
2 ; ð1Þ

where Ip = current maximum in amps, A = electrode area in cm2,
n = number of electrons transferred in the redox process,
C = concentration in mol/cm3, D = diffusion coefficient in
cm2/s and υ = scan rate in V/s. [Fe(CN)6]

3−/4− redox system
was employed with a diffusion coefficient of 7.6 × 10−6 cm2 s−1

[24], concentration = 1 mM and n = 1.
The data obtained Fig. 3 was used to estimate the surface

coverages (Г) using Eq. 2 [25, 26].

Ip ¼ n2F2νAΓ
4RT

ð2Þ

where Ip, n, F, v, A and Г are redox peak current, number of
electrons, Faraday’s constant, scan rate, surface area (deter-
mined above) and surface coverage of the catalyst, respec-
tively. The slopes from the plots of Ip vs. υ (Fig. 3, inset)
were then used to calculate surface coverages. Values are
summarised in Table 1. The Г values for poly-CoTAPc and
poly-CoTAPc-MWCNTare higher than for poly-CoPyPc and
poly-CoPyPc-MWCNT. This can be attributed to the different
functionalities between the substituent groups which influ-
ence different pathways for polymer formation. However,
there was a small difference in Г values between poly-MPcs
and their respective nanocomposites (poly-MPc-MWCNT).
This indicates that the MWCNTs do not have a strong influ-
ence on polymer formation. Г values for all the catalysts are
greater than 1 × 10−10 mol cm−2 which is expected for a
monolayer of a Pc molecule lying flat on the electrode surface
[27, 28]. This might be expected for Pcs alone, since the
polymer formed may be more than a monolayer and for Pc-
MWCNT because the polymer formation is on a MWCNT
layer and not on a flat surface.

Scanning electron microscopy studies

Some structural changes of the MWCNTwere observed after
polymerisation (Fig. 4). The images of MWCNT show a po-
rous structure before polymerization of CoPyPc. There was
more interconnection of the CNTs following polymerization,
which is further confirmation of successful polymerization to
form the polymer nanocomposite. This may be a result of
both straight and side polymer chains being produced during
repetitive cyclisation of the CoPyPc monomer solution at a
MWCNT modified GCE surface. The SEM image for poly-
CoTAPc was similar to that of poly-CoPyPc.
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XPS characterization

XPS analysis was used to check the possible polymerization
points on CoPyPc for the formation of poly-CoPyPc.
Figure 5a, b shows the wide scan XPS for poly-CoTAPc and
poly-CoPyPc, respectively. The peaks due to N, C and Co are
observed for both complexes as expected. The observed oxy-
gen peak is likely to be a result of adsorbed oxygen from air
since no C–O functionalities are expected from the chemical
structure of the Pc alone depicted in Scheme 1. We also ob-
served an intense fluoride (F 1s) peak at around 690 eV due to
the supporting electrolyte (TBABF4) used during the
electropolymerization of the two complexes onto glassy
carbon electrodes. The high-resolution scans were also
conducted and deconvoluted to get more information on
the identified elements and to investigate different com-
ponents with their functionalities/chemical environments
within the polymers. Figure 5c shows the deconvoluted
spectrum of S 2p3/2 for poly-CoPyPc. Only one peak
was observed at 163.8 eV. One S 2p peak has been
reported before [29]. This has been assigned to sulphur

in a chemical environment of C–S–C, according to the
NIST Standard Reference Database [30, 31]. This agrees
well with the structure of CoPyPc shown in Scheme 1,
in which the sulphur is the bridging atom between the
MPc r ing and the subst i tuent and not wi th a
neighbouring MPc monomer ring. The N 1s spectrum
for poly-CoPyPc (Fig. 5d) shows three main peaks after
deconvolution, implying the existence of nitrogen in
three different chemical environments in the polymer.
These can be assigned to C–N=C/C–N–C (398.8 eV)
nitrogens mainly from MPc rings and the other nitro-
gens involved in the polymerization process as the
interconnectors between monomeric MPcs units as
depicted in Scheme 1. Peaks at 400.4 and 402.3 eV
can be assigned to –N+H and =N+H, respectively. These
are oxidized amine groups which have not taken part in
polymer formation, and the presence of the positive
charge shifts their binding energies to more positive
values than –NH2 (∼399.1 eV [32]). Similar spectra
were obtained for poly-CoTAPc (Fig. 5e) after
deconvolution, indicating the same electropolymerisation
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mechanism for the two polymeric forms. This is further
evidence supporting that sulphur is not participating in
the growth of conducting polymer films.

Electrocatalytic oxidation of L-cysteine

RDE kinetic studies for electrooxidation of L-cysteine

The kinetics of electrooxidation of L-cysteine were performed
by hydrodynamic RDE voltammetry technique in 8 mM L-
cysteine. Figure 6a compares RDE voltamograms of bare
GCE, poly-CoPyPc and poly-CoPyPc-MWCNT. There was
no electrooxidation of L-cysteine in pH 4 buffer on a bare
GCE within the potential window used in Fig. 6.

There was a distinct and remarkable activity observed from
poly-CoPyPc relative to the bare GCE. It was also interesting
to note that the poly-CoPyPc-MWCNT nanocomposite gave
much higher currents than poly-CoPyPc for the
electrooxidation of L-cysteine, indicating the importance of
polymerizing the MPc over a MWCNT platform than on a
bare GCE. The same behaviour where currents are higher in
the presence of MWCNT was also observed for poly-
CoTAPc-MWCNT compared to poly-CoTAPc (Fig. 6b). For
adsorbed-CoPyPc andmixed-CoTAPc-MWCNT,much lower
currents for L-cysteine detection were obtained even at a

higher rotation speed (Fig. 6c), showing the polymerization
results in better results.

RDE voltammograms for the electrooxidation of L-cysteine
were also recorded at varying rotational speeds for all the four
electrocatalysts (Fig. 7) (using poly-CoTAPc as an example). Fig-
ure 7 shows that the process of L-cysteine electro-oxidation is
largely under the kinetic control even at relatively high potentials.

The inset in Fig. 7a shows the Levich plots (IL vs. ω1/2)
obtained from the Levich Eq. 3 [23].

IL ¼ 0:62nFAD
2
3ω

1
2ν

−1
6 C; ð3Þ

where n, F, A, D, ω, υ, and C represent number of electrons,
Faraday’s constant, effective surface area of the electrode in
cm2, diffusion coefficient in cm2 s−1, rotational speed in rad
s−1, kinematic viscosity in cm2 s−1 and bulk concentration of
the analyte in mol cm−3. The plot shows the expected linear
dependence of the limiting currents against square root of
rotational speed predicted by the Levich equation, indicative
of diffusion controlled mass transport. Further kinetic details
of the electrooxidation of L-cysteine on these catalysts were
derived from the Koutecky-Levich Eq. 4 [23].
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Fig. 8 Plots of I−1 vs. ω−1/2 from RDE voltammograms of 8 mM L-cysteine (in pH 4 buffer) on a poly-CoPyPc, b poly-CoPyPc-MWCNT, c poly-
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where k is the reaction rate constant in cm s−1 and other quan-
tities have their scientific meaning as defined above. The in-

tercepts of the Koutecky-Levich plots (I−1vs:ω
−1
2 ) shown in

Fig. 7b were used for determination of the kinetic reaction rate
constants (summarised in Table 1) for the electrooxidation of

L-cysteine at the polymer film surfaces.
The rate constant values show that the rate of

electrooxidation of L-cysteine was greatly improved when
the polymers were formed on MWCNT, making nanocom-
posite electrocatalysis more favourable than individual Pc
polymers. The higher k values for poly-CoTAPc and poly-
CoTAPc-MWCNT are consistent with surface coverage data.
The observed better current responses for poly-CoTAPc and
poly-CoTAPc-MWCNTcan also be attributed to higher poly-
mer porosity than for poly-CoPyPc, allowing for more active
sites to be exposed to the analyte. Reaction kinetics in terms of
the order of reaction with respect to the test analyte was ob-
tained from the plot of I−1 vs. ω−1/2 (Fig. 8a–d), where I is the
current taken from the rising part the RDE voltammograms in
Fig. 7a at the specified potentials shown in brackets in Fig. 8a–
d. Parallel lines with almost constant slopes were obtained,
illustrating a first-order reaction with respect to L-cysteine
electrooxidation.

Cyclic voltammetric studies for the detection of L-cysteine

Figure 9a (using poly-CoPyPc-MWCNT as an example)
shows the cyclic voltammograms of L-cycteine in pH 4 buffer
solutions on bare GCE and poly-CoPyPc-MWCNT, while
Fig. 9b shows the voltammograms on electrodes modified
with mixed-CoPyPc-MWCNTs. The individual polymers of
CoPyPc and CoTAPc were not investigated further since they
proved to be less electroactive than their respective polymeric
nanocomposites. No current responses were obtained with the
bare GCEwithin this potential window in pH 4 buffer, Fig. 9a.
Irreversible oxidation peaks were observed on film of nano-
composites. The redox peaks labelled I are associated with
CoIII/CoII in Fig. 9a. The processes labelled II in Fig. 9 are
due to L-cysteine oxidation. This was confirmed the increase
in the currents of process II with increase in L-cysteine con-
centration (figure not shown). The peaks for L-cysteine oxida-
tion on poly-CoTAPc-MWCNT and poly-CoPyPc-MWCNT
were observed at approximately 0.40 and 0.55 V, respectively.
The potential for the oxidation of L-cysteine in pH 4 buffer on
mixed-CoTAPc-MWCNTwas reported to be 0.63 V [11] and
0.83 V for mixed-CoPyPc-MWCNTs (Fig. 9b). Both poten-
tials are much higher than obtained here for the polymeriza-
tion of CoTAPc or CoPyPc onto MWCNTs. Thus, nanocom-
posites involving polymeric MPcs have better electrocatalytic
properties than monomeric MPcs films for L-cysteine oxida-
tion in terms of oxidation peak potential.

The electrocatalytic oxidation peaks in both cases were
observed in the potential region close to the CoIII/II process,
implying that electrocatalysis is mediated by this redox cou-
ple. The mechanism will be as proposed before [33] in acid
media. The cyclic voltammetry peaks are not well resolved;
hence, chronoamperometry will be employed below.

Chronoamperometry studies

Chronoamperometry technique was used to gain more infor-
mation on analytical parameters such as limit of detection
(LOD), sensitivity and stability. This technique was chosen
since it gives a better signal-to-noise ratio than other ampero-
metric techniques [23].

The chronoamperometry steps produced upon addi-
tion of 0.03 mM L-cysteine aliquots are shown in
Fig. 10a. Poly-CoTAPc-MWCNT nanocomposite film
showed better catalytic current responses than poly-
CoPyPc-MWCNT nanocomposite film. The differences
in the rate of increase of catalytic currents with time
are clearly shown by slopes of the plots of cumulative
step currents against time (Fig. 10a, inset). Furthermore,
the catalytic step currents remain higher and stable for
poly-CoTAPc-MWCNT nanocomposite film compared
to poly-CoPyPc-MWCNT. Stability tests were done by
performing ten chronoamperometry scans in 0.27 mM L-
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Fig. 9 Comparative cyclic voltammograms of 8 mM L-cysteine in pH 4
buffer at a a bare GCE (a) and poly-CoPyPc-MWCNT-GCE (b), b for
electrodemodified with mixed CoPyPc-MWCNTs. Scan rate = 100mV/s
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cysteine (Fig. 10b). Both surfaces showed very stable
catalytic currents for the ten chronoamperometry scans,
however, poly-CoTAPc-MWCNT nanocomposite film
gave higher catalytic currents as observed in Fig. 10a.
From the plots of current vs. concentration of L-cysteine
(Fig. 10c), sensitivity and LOD parameters were de-
rived. Under these hydrodynamic conditions, poly-
CoTAPc-MWCNT film was more sensitive (27.11 μА/
mM L-cysteine) than poly-CoPyPc-MWCNT film
(7.09 μА/mM L-cysteine). The LOD of detection for
poly-CoTAPc-MWCNT and poly-CoPyPc-MWCNT were
found (using the 3σ notation) to be 1.74 × 10−8 M and
3.55 × 10−8 M, respectively. These values are well be-
low the LOD observed on monomeric CoTAPc mixed
with MWCNT (2.8 × 10−7 M [11]). Also the LOD for
mixed CoPyPc-MWCNTs is less favourable than for
poly-CoPyPc (Table 2). These observations imply that
polymeric MPcs are better candidates for fabrication of

MPc-MWCNT nanocomposite electrocatalysts than mo-
nomeric derivatives. Thus, even though poly-CoPyPc is
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Fig. 10 a Electrooxidation chronoamperogram steps at poly-CoPyPc-
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Table 2 Comparative LODs for the electrocatalysed oxidation of L-
cysteine using different catalytic systems

Electrode pH LOD Ref.

MWCNT-FeTsPc (mixed)-GCE pH 7 1 μM [30]

CoPc-carbon paste pH 2.4 [31]

CoOHETPc-SAM-Au pH 4 0.52 μM [32]

FeOHETPc-SAM-Au pH 4 0.52 μM [32]

Mixed-CoTAPc-MWCNT-GCE pH 4 0.28 μM [9]

Mixed-CoPyPc-MWCNT-GCE pH 4 0.296 μM This work

poly-CoPyPc-MWCNT pH 4 0.036 μM This work

poly-CoTAPc-MWCNT pH 4 0.017 μM This work

OHETPc octa(hydroxyethylthio) phthalocyanine, SAM self-assembled
monolayer
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not as sensitive as poly-CoTAPc for L-cysteine detec-
tion, the LOD for L-cysteine oxidation is lower than that
for the commonly used monomeric CoTAPc and for
other electrodes modified with MPc complexes
(Table 2) [11, 34–36].

The higher LOD for L-cysteine on poly-CoPyPc com-
pared to poly-CoTAPc could be related to the different types
of polymers formed, with the former having more
polymerizable NH2 groups, hence a more complex polymer.
It is also interesting to note that the levels of L-cysteine in
human beings ∼250 μM [17] are far much higher than the
LODs reported here. This makes clinical applications at
levels lower than 250 μM accessible at these thin polymer
nanocomposite films.

Conclusions

Cobal t meta l lophtha locyanine der iva t ives were
electropolymerised on both the bare GCE and MWCNT-
GCE to form polymerised electrocatalytic films. Electrocata-
lytic performance was evaluated for the polymer films, and we
found out that the polymer films behaved better when sup-
ported on MWCNT than on bare GCE. Improved sensitivity,
kinetic rate constants and lower LODs were obtained for the
nanocomposites. In terms of limit of detection, the polymer of
CoPyPc performs better than other MPc-based electrodes, but
has less sensitivity compared to poly-CoTAPc.
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