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A multiwalled carbon nanotube/tetra-3-
isoheptyloxyphthalocyanine cobalt(i) composite

e crem B2 2 ywith high dispersibility for electrochemical
detection of ascorbic acidf

Miao Shi,® Zhimin Chen,*® Liangxiao Guo,? Xiuhua Liang,? Jialin Zhang,?
Chunying He,? Bin Wang® and Yiqun Wu@®

A sensitive electrochemical sensor for ascorbic acid (AA) is designed and synthesized via the following steps.
The novel tetra-B-isoheptyloxyphthalocyanine cobalt(i) (PcCo) spontaneously adsorbs on the surface of
acid-treated multi-walled carbon nanotubes (aMWCNTSs). Then, the aMWCNT/PcCo composite was
immobilized on the glassy carbon electrode (GCE). The results of UV-vis, FT-IR, TG, XPS, SEM and TEM
revealed the successful self-assembly between PcCo and aMWCNTSs via the m—m stacking interaction,
and the aMWCNT/PcCo composite appears to have a uniform network-like structure on the GCE
surface due to the four peripheral isoheptyl substituents of PcCo. Such a structure can effectively
increase the electrode area, facilitate the mass transport of analytes and provide continuous conducting

pathways for the transportation of electrons. Synchronously, benefitting from the synergistic effect
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for the oxidation of AA. The linear range for the AA detection is from 10 uM to 1.2 mM and the detection

DOI: 10.1039/c4tb00229f limit is as low as 4.0 uM. The developed biosensor exhibited good reproducibility and acceptable
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1. Introduction

Ascorbic acid (AA), also known as vitamin C, is an essential
nutrient for humans and plays an important role in helping the
immune system, joints and arteries heal and function properly.*
A deficiency of AA can lead to scurvy, which causes muscle
weakness, swollen and bleeding gums, and bleeding under the
skin, as well as tiredness and depression. In contrast, an excess
of AA can cause diarrhea, insomnia and kidney stones.” Thus, a
reliable, accurate, sensitive, rapid, and low-cost determination
of AA is important in a variety of areas such as foods, drugs, and
industrial applications. Among various analytical techniques,
the electrochemical sensing of AA is especially attractive due to
its simplicity, cost-effectiveness, fast response, high sensitivity,
and ease of miniaturization.>®* However, the direct determina-
tion of AA with plain electrodes, such as carbon and metallic
electrodes, generally suffers from a large overpotential and poor
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stability, providing a simple method for the analysis of AA.

selectivity in the presence of interfering compounds.*® Thus, it
is important to develop an efficient electrocatalyst for chemi-
cally modified electrodes (CMEs), which can offer high sensi-
tivity and selectivity at a lower operating potential for the
detection of AA.

Carbon nanotubes (CNTs), a unique quasi-one-dimensional
nanostructure material, have captured worldwide interest due
to their huge surface area, abundant microchannel porous
structure, high electrical conductivity, electron transfer rate and
excellent thermal stability.>** Thus, CNTs are a good kind of
electrocatalysts and electrode modifying materials, which have
been reported widely."”*** However, due to the strong van der
Waals attraction, CNTs tend to restack or aggregate both in
solution and in the solid state, forming bundled structures that
significantly reduce the active surface area, greatly hinder mass
transport in the electrochemical process and often cause low
reproducibility of the electrocatalysis properties. One of the
effective strategies to enhance the dispersion of CNTs is the
surface modification of CNTs via covalent or noncovalent.’>*In
particular, the latter has the advantage of preserving the elec-
tronic structure of CNTs and therefore their transport and
surface properties.”>*

Metal phthalocyanines (MPcs), a well-known class of planar
two-dimensional metal complexes with conjugated delocalized
18m-electron systems, have a great versatility due to their

This journal is © The Royal Society of Chemistry 2014
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Scheme 1 Schematic representation of the fabrication and electro-
analysis mechanism of aMWCNT/PcCo-modified electrodes for AA.

electrochemical activity as electrocatalysts.>**> However, when
MPcs are used as modifiers for voltammetric electrodes, the
unfavourable electroanalysis signals are commonly produced
due to their poor conductivity. Further, the bonding of MPcs to
the electrode is neither reproducible nor long-term stable.
Recent studies have shown that CNT/MPc modified electrodes
can bring a notable improvement to the electrocatalytic prop-
erties, in comparison with the free CNTs or MPcs.**** Never-
theless, the very poor solubility of most reported cases, in which
the substituents of MPcs are extremely limited to amino-,**>°
sulfo-,>** and unsubstituents,***** often precludes the study of
their electrocatalyst properties.

Based upon the consideration of the above requirements, we
design and synthesize a new phthalocyanine, tetra-p-iso-
heptyloxyphthalocyanine cobalt(i) (PcCo), which has four long-
alkyl chains at peripheral positions, leading to high solubility in
various organic solvents. PcCo can further spontaneously
assemble with CNTs via noncovalent. The obtained composite
combines the excellent dispersibility and Co(u)/(m) redox of
PcCo with the outstanding electronic properties of MWCNTSs by
-1 stacking PcCo to CNTs, resulting in the excellent electro-
catalytic activity of AA, as shown in Scheme 1. As far as we are
aware, this is the first report of combining long-alkyl chain
substituted MPcs with CNTs to construct CMEs for the detec-
tion of AA.

2. Experimental
2.1. Reagents

Multiwalled carbon nanotubes (MWCNTs) (>95%) were
purchased from Shenzhen Nanotech Port Co. Ltd. (Shenzhen,
China). Before use, MWCNTs were treated with concentrated
acids (H,SO,~-HNO; in 3 : 1 v/v ratio) in the presence of ultra-
sonication at 80 °C for 10 h. The acid-treated MWCNTSs
(aMWCNT) were washed with copious of water and then dried at
60 °C. Tetra-B-isoheptyloxyphthalocyanine cobalt(i) (PcCo) was
synthesized by the template-reaction method in the presence of
1,8-diazabicyclo[5,4,0Jundec-7-ene (DBU) (see ESI{ for experi-
mental details). Nafion (5% (w/w) in low aliphatic alcohols and
water) was purchased from Sigma-Aldrich Co. LLC. Ultrapure
water of resistivity 18.2 MQ cm was obtained using a Milli-Q
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Water System (Millipore Corp. Bedford, MA, USA) and was used
throughout for the preparation of solutions. Phosphate buffer
solutions (PBS, 0.1 M, pH = 7.0) were prepared by mixing
standard stock solutions of Na,HPO, and NaH,PO,. All other
reagents were of analytical grade and were used as received
from the suppliers without further purification.

2.2. Preparation of the aMWCNT/PcCo composite

The aMWCNT/PcCo composites, well-dispersed in some
common solvents, were synthesized through the m—m stacking
interaction between aMWCNTs and PcCo (Scheme 1). In a
typical experiment, aMWCNTSs (20 mg) were added to dry DMF
(20 mL) in a 50 mL round-bottomed flask. The resulting solu-
tion was sonicated in an ultrasonic bath for 1 h. PcCo (80 mg)
was then added and the reaction mixture was stirred at room
temperature under N, for 3 days. After the reaction was
finished, the resultant solution was filtered through a 0.22 um
PTFE membrane. The filter cake on the Millipore film was
collected and washed with ethanol, acetone, dichloromethane
and tetrahydrofuran for several times, successively, after which
the filtrate became colorless, and then dried at 50 °C for 1 h,
affording the desired aMWCNT/PcCo composite as black
powders.

2.3. Preparation of modified glassy carbon electrodes (GCEs)

The GCEs (diameter: 3 mm, CHI) were carefully polished to a
mirror-like plane with 0.3, 0.1, and 0.05 um alumina powders,
successively, and then sonicated in pure water and absolute
ethanol for 2 min, respectively, and dried at room temperature.
The as-prepared aMWCNT/PcCo composite (2 mg) and 5% (w/
w) Nafion (80 pL) were dispersed in absolute ethanol (1 mL) to
obtain a uniform suspension of 2 mg mL ™" by ultrasonication
for 20 min. The suspension was essentially stable. No precipi-
tation or flocculation is observed even after 3 months. Then the
aMWCNT/PcCo homogeneous suspension (2 pL) was spread
evenly onto the well-polished GCE surface and allowed to dry at
ambient temperature, denoted as aMWCNT/PcCo/GCE. For
comparison, the PcCo/GCE and aMWCNT/GCE were also
fabricated by the similar procedures.

2.4. Apparatus

UV-vis absorption spectra were recorded with a Lambda 35 UV-
vis spectrometer (Perkin-Elmer, USA). FT-IR spectra were
recorded on a Nicolet FT-IR NEXUS spectrometer (Thermo
Scientific). Scanning electron microscopy (SEM) images were
recorded with a Hitachi S-4800 field emission scanning electron
microscope operating at 15 kV. Transmission electron micros-
copy (TEM) was performed on a JEM-3010 electron microscope
(JEOL, Japan) with an acceleration voltage of 300 kV. X-ray
photoelectron spectroscopy (XPS) measures were performed
with an AXIS ULTRA DLD. Thermogravimetric (TG) analysis was
performed on a TA Q600 under a stream of nitrogen at a heating
rate of 10 °C min~ . Electrochemical measurements were per-
formed on a computer-controlled CHI660D electrochemical
workstation (CH Instrument, Shanghai, China). All the elec-
trochemical measurements were carried out in 0.1 mol L™ PBS
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at room temperature (25 + 2 °C) using a conventional three-
electrode system with a modified GCE as a working electrode, a
platinum foil as an auxiliary electrode, and a saturated calomel
electrode (SCE) as a reference electrode. All potentials in this
study were reported with respect to the SCE. The electrolyte was
purged with high purity nitrogen for at least 10 min prior to
measurements to remove the dissolved oxygen unless otherwise
stated.

3. Results and discussion
3.1. Characterization of the aMWCNT/PcCo composite

According to our design, due to the strong m-m interaction,
PcCo can spontaneously assemble with aMWCNTs, giving the
aMWCNT/PcCo composite,”?* which is confirmed by UV-vis
spectra (as shown in Fig. 1A). The spectrum of PcCo in CH,Cl,
solutions shows typical electronic absorption spectra with two
strong absorption regions, one in the UV region at about 328
nm (B-band) and the other in the visible region at 669 nm (Q-
band) with a weaker satellite band around 605 nm, which is the
characteristic of non-aggregated PcCo.>*** It could be attributed
to the steric hindrance of peripheral long-chain alkyl substitu-
ents, which can effectively restrain the formation of dimers.
Meanwhile, different from aMWCNTSs, the characteristic Q-
band of PcCo is observed in the UV-vis spectrum of the
aMWCNT/PcCo composite, indicating the successful self-
assembly of PcCo on the surface of aMWCNTs. However, an
obvious red shift about 9 nm for the Q-band appears in the
spectrum of the aMWCNT/PcCo composite, originating from
the charge transfer of the PcCo ring to aMWCNTs.***>*” Fig. 1B
shows the FT-IR spectra of aMWCNTs, PcCo and aMWCNT/
PcCo. The results reveal that the characteristic bands of the
carboxyl group on aMWCNTs appear at 1717 cm ' (C=0
stretching) and 3428 cm™ ' (O-H stretching).**'* Compared with
the FT-IR spectrum of the aMWNTs, the characteristic peaks of
pure PcCo obviously appear in the spectrum of aMWCNT/PcCo.
Of these bands, the absorption at 2959 cm ™" (v,,CHj), 2929
em ™! (v,4CH,) and 2857 cm ™' (v,CH;, CH,) is attributed to
peripheral isoheptyl groups of PcCo and the absorption around
1228 (v,4C-0) and 1058 cm ™' (y,C-0) is assigned to the vibra-
tion of the Ar-O-alkyl bond, but other remaining bands
observed near 1608 cm™ " (vC=N) and 1460 cm™ " (vC=C) would
be mostly due to the various skeletal vibrations of the phtha-
locyanine ring.*"*>*¢ The slight shift of these peaks compared to
pure PcCo suggests that electron delocalization due to -7

PcCo v Mn { U"
aMWCNT

'
'
'
1
'
Ly
= q aMWCNT/PcCo
v
// '
- N

700 800 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

>
w

- == PcCo
—-=:-aMWCNT

~——aMWCNT/PcCo

Intensity (a.u.)

Intensity (a.u.)

300 400 500 600
Wavelength (nm)

Fig. 1 UV-vis and FT-IR of aMWCNTs, PcCo, and aMWCNT/PcCo.
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interactions took place, further indicating the formation of the
-1 bonded composite of aMWCNTs and PcCo.**>%

Further XPS was employed to characterize the surface
chemical compositions and valence states of the aMWCNT/
PcCo composite. The survey spectrum reveals the presence of C,
N, O, and Co in the aMWCNT/PcCo composite (Fig. 2A). The Co
2p peaks of as-obtained aMWCNT/PcCo could be fitted to four
contributors (Fig. 2B), corresponding to Co 2p,,, at 796.8 eV,
2pss2 at 781.3 eV, and two relatively weaker satellite features.>*>*
The content of the Co element at the aMWCNT/PcCo composite
is measured to be about 0.35 at.% by XPS analysis. Meanwhile,
the N 1s XPS spectrum splits into two peaks: aza-bridging
nitrogen (399.0 eV) and pyrrole nitrogen (400.6 eV), respec-
tively.>® The XPS spectroscopy data show the chemical nature of
PcCo, which further imply successful attachment of PcCo onto
the surface of aMWCNTs.

The amount of PcCo assembled on aMWCNTs has been
evaluated by TG analysis under a N, atmosphere (Fig. 2D). A loss
of weight of about 18% for aMWCNTs between 100 and 800 °C
can be observed, which ascribes to the destruction of the
residual amorphous carbon and the decarboxylation of the
oxidized species.®” The TG curve of PcCo presents a loss of
weight about 33.9% from 348 to 423 °C sharply, indicating the
thermal decomposition of long-chain alkyl substituents in a N,
atmosphere. Similar to PcCo, a greater weight loss of aMWCNT/
PcCo also appears between 357 and 423 °C. Considering the
weight loss of aMWCNTSs, the corrected weight loss due to PcCo
is then estimated to be 2.5%. Actually, concerning the amount
of PcCo adsorbed on the surface of aMWCNTS, a real ratio of
7.4% (2.5%/33.9%) can be calculated, taking into account the
weight loss of both PcCo and aMWCNTSs. Such results further
indicate that PcCo has adsorbed on aMWCNTs successfully via
the m- interaction.

The surface morphology and structure of the synthesized
aMWCNT/PcCo composite were investigated by SEM and TEM,

>
w

——aMWCNT/PcCo

——aMWCNT

Intensity (a.u.)
Intensity (a.u.)

1200 1000 800 600 400 200 810 800 790 780 770
Binding Energy (eV) Binding Energy (eV)

C [ Do —_—

- 90] aMWCNT

= B e

A g, 80+ 4 ]

£ =70 | aMWCNTIPcCo
£ \

£ ) .

c S 99 B

E 2 s,

507 PcCo
. , . | 40
408 404 400 396 392 0 200 400 600 800

Binding Energy (eV) Temperature (°C)

Fig.2 (A) XPS spectra of aMWCNT/PcCo and aMWCNTSs; (B and C) the
high-resolution XPS spectrum of Co 2p and N 1s, respectively; (D) TGA
profiles of aMWCNTs, PcCo, and aMWCNT/PcCo measured under a
N2 atmosphere.
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Fig. 3 (A) SEM image of aMWCNTs and (B—D) SEM and TEM images of
aMWCNT/PcCo (inset images: the optical photographs of equivalent
aMWCNTs and aMWCNT/PcCo dispersed in ethanol, respectively).

as shown in Fig. 3. It is clear that both aMWCNTs and the
aMWCNT/PcCo composite appear to have as the three-dimen-
sionally network-like structure. Note that, different from the
severe aggregation of aMWCNTs, the aMWCNT/PcCo composite
becomes looser and individual nanotubes are clear, mainly due
to the non-covalent modification of aMWCNTs by PcCo. Such a
loose and interconnected structure not only effectively increases
the electrode area but also facilitates the mass transport of
analytes.'****” Synchronously, it may also provide continuous
conducting pathways for the transportation of electrons, which
is beneficial for increasing the sensitivity of electrochemical
response.*® In addition, due to the assembly of aMWCNTs and
PcCo, the dispersion of the aMWCNT/PcCo composite in
ethanol has improved dramatically. The black and uniform
solution of the aMWCNT/PcCo composite can maintain long
term stability, as evidenced by the optical photograph taken
three months later (the inset image of Fig. 3B). Instead, part of
aMWCNTs began to precipitate immediately after sonication in
ethanol (the inset image of Fig. 3A). The improvement in
dispersion can be attributed to the higher solubility of four
peripheral isoheptyl substituents in organic solvents, which
facilitates the fabrication of homogeneous electrodes. Fig. 3C
and D show the TEM images of the aMWCNT/PcCo composite.
Besides the distinct core and walls of carbon nanotubes, the
discontinuous and irregular layer appears outside of
aMWCNTSs, maybe on account of the adhesion of PcCo onto the
surface of aMWCNTs via the 7—7 interaction.

3.2. Electrochemical detection of AA

The electrocatalytic activity of aMWCNT/PcCo/GCE towards AA
was investigated in 0.1 M PBS (pH = 7.0) at a scan rate of 10 mV
s~'. Fig. 4A shows the typical cyclic voltammograms (CVs) of
aMWCNT/PcCo/GCE, aMWCNT/GCE, PcCo/GCE, and GCE.

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 (A) CVs of aMWCNT/PcCo/GCE, aMWCNT/GCE, PcCo/GCE,
and bare GCE in 0.1 M PBS (pH = 7.0) containing 1.0 mM AA, scan rate:
10 mV s~% (B) CVs of aMWCNT/PcCo/GCE in 0.1 M PBS (pH = 7.0)
containing 1.0 mM AA measured at different scan rates (5, 10, 20, 40,
80, and 160 mV s7Y). The inset image shows calibration plots
between the anodic and cathodic peak currents and the scan rate
(lba = 276.08V + 5.1868, R? = 0.9994 and lpe = —312.05V — 4.7999,
R?=0.9984; Ipa: Ioe, and V are anodic, cathodic peak currents and scan
rate, respectively).

Obviously, the aMWCNT/PcCo/GCE generates a couple of high
redox peaks in comparison with the bare GCE, aMWCNT/GCE,
and PcCo/GCE. However, the pair of well-defined oxidation/
reduction peaks is not observed in CVs of aMWCNT/PcCo/GCE
measured in 0.1 M PBS (pH = 7.0) without AA (Fig. S21), indi-
cating that it is associated with the oxidation and reduction of
AA. In addition, with the increase of AA concentration, the
oxidation current at ~0.05 V increases linearly (as shown in
Fig. S37).

According to previous reports,*** the electrocatalytic
oxidation of AA on the aMWCNT/PcCo composite should
undergo two steps, which could be explained by the following
reaction:

PcCo(i1) — PcCo(mr) + e~ (1)
NQ HO
2PcCo(im) + mﬂi“ué%: — 2PcCo() + "o o + 2HY (2

It is clear that the electrocatalytic activity of the composite
highly depends on the central metal atom. However, no redox
peaks are observed at PcCo/GCE (Fig. 4A), indicating that the
direct electron transfer of PcCo is promoted by aMWCNTSs
remarkably in the composite. Meanwhile, PcCo also improves
the AA detection performance of aMWCNTs due to the charge
transfer between PcCo and aMWCNTs. Thus, aMWCNT/PcCo/
GCE exhibits the highest oxidation current. It is important to
note that the peak potential markedly shifts from 0.30 V for the
bare GCE to 0.050 V for the aMWCNT/PcCo/GCE, signifying a
considerable decrease (by 0.25 V) in the overpotential of AA
oxidation. Compared with aMWCNT/GCE, the slight negative
shift of peak potential can also be observed. The higher oxida-
tion current and lower oxidation potential show that aMWCNT/
PcCo/GCE has higher electrochemical activity than aMWCNT/
GCE and bare GCE, mainly resulting from the synergistic effect
between PcCo and aMWCNTs.

Fig. 4B shows the effect of the potential scan rate on the peak
current for aMWCNT/PcCo/GCE, which can explore the reaction
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Fig.5 (A) Amperometric response of aMWCNT/PcCo/GCE (holding at
0.050 V vs. SCE) to the successive addition of AAin 0.1 M PBS (pH =
7.0); (B) the calibration linear relationship of currents versus the AA
concentration.

kinetics process. The anodic or cathodic peak currents increase
linearly as the scan rate increases from 5 to 160 mV s~ ', but
oxidation/reduction peak potentials almost remain constant
(the inset image of Fig. 4B). Consequently, the linear relation-
ship between anodic or cathodic peak currents and the scan rate
is obtained, demonstrating that the electrochemical reaction of
AA on aMWCNT/PcCo/GCE is a surface-controlled process.**

The AA sensitivity of aMWCNT/PcCo/GCE was evaluated by
amperometric measurements at the optimized potential of 0.05
V. Fig. 5A shows the typical amperometric response of
aMWCNT/PcCo/GCE to the successive addition of AA into the
stirring 0.1 M PBS with a time interval of 25 s. Each injection of
AA results in an increase of oxidation peak current. The
amperometric response achieves the maximum steady-state
current within 2 s, ascribing to the rapid adsorption and acti-
vation of AA on the surface of aMWCNT/PcCo/GCE, and the
continuous conducting pathways of electrons.

Fig. 5B depicts a good linear relationship of currents versus
the AA concentration in the range of 0.010 to 1.2 mM, and a
current plateau is observed when the AA concentration is higher
than 1.2 mM. Thus, the linear regression equation of I, =
0.0030Cu4 + 0.1375, with a correlation coefficient of R* = 0.9987
(N = 3), is derived from the calibration curve. The AA sensor has
a detection limit as low as 4.0 uM (S/N = 3), which is greatly
superior to those of other kinds of modified electrodes for AA
biosensors (as shown in ESI Table S1t). It is clear that
aMWCNT/PcCo/GCE shows good AA detection performances
with a lower detection limit and moderate linear range. All of
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Fig. 6 (A) Amperometric response of aMWCNT/PcCo/GCE to the
addition of different analytes to 35 mL of electrolyte (0.1 M PBS, pH =
7.0) at an applied potential of 0.050 V (vs. SCE), UA = uric acid, DA =
dopamine, L-phe = L-phenylalanine, and Glu = glucose; (B) stability
experiment of aMWCNT/PcCo/GCE to detect AA for 30 days.

4880 | J Mater. Chem. B, 2014, 2, 4876-4882

View Article Online

Paper

the parameters indicate that aMWCNT/PcCo/GCE is very effec-
tive as a biosensor for determining AA with high activity and low
overpotential.

The selectivity is one of the critical factors in practical
applications. To confirm the selectivity for AA detection, inter-
ference tests were investigated by amperometric measurements.
As shown in Fig. 6A, when 0.04 mM AA was added into the PBS
solution, the current significantly increases with great response
sensitivity. Compared with AA, the addition of several common
interferents, e.g., 2.5-times uric acid (UA), 2.5-times dopamine
(DA), 5-times r-phenylalanine (i-phe), 25-times glucose (Glu),
25-times citric acid (CA), and 50-times KCl, in 0.1 M PBS gives a
negligible current change. Nevertheless, a significant current
response can also be observed for the subsequent addition of
0.04 mM of AA, indicating the high selectivity of aMWCNT/
PcCo/GCE. The long-term storage stability of the aMWCNT/
PcCo/GCE has also been evaluated by measuring the electrode
responses at intervals of several days. The aMWCNT/PcCo/GCE
retains 97.6% original current response after 30 days storage in
PBS (pH = 7.0) at 4 °C (Fig. 6B). Such high stability and accuracy
of aMWCNT/PcCo/GCE are acceptable for most practical
applications.

4. Conclusions

In summary, the aMWCNT/PcCo composite with good disper-
sion was synthesized via noncovalent between aMWCNTSs and
PcCo, which is beneficial to form a uniform network-like
structure on the GCE surface. Owing to the advantage of the
large surface area, the continuous pathways for electron trans-
portation, and the charge transfer between PcCo and aMWCNTs
via the - stacking interaction, aMWCNT/PcCo/GCE shows
outstanding properties for AA detection, such as fast response
(2 s), low oxidation potential (50.0 mV), and excellent selectivity
and stability.
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