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An N4 macrocyclic complex of polymeric cobalt phthalocyanine substituted with a tetrabenzimidazole
(poly(CoTBImPc)) moiety at the periphery was synthesized by a facile route. The redox behavior of
poly(CoTBImPc) was confirmed by cyclic voltammetry and obtained redox peaks corresponding to the
central metal (Co?*/Co'*) and phthalocyanine macrocycle (Pc®~/Pc®7). Furthermore, to enhance the
conductivity, surface area, and sensitivity of the synthesized poly(CoTBImPc), carbon nanotubes (CNTs)
were coated on a glassy carbon electrode (GCE/CNT/poly(CoTBmIPc)). Consequently, an amperometric
sensor was fabricated for hydrogen peroxide (H,O,), and it manifested a linear response in the

concentration range of 10 to 100 nM. The limit of detection (LOD) value observed for H,O, was 2 nM
Received 30th August 2022

Accepted 1st November 2022 with the configuration of GCE/CNT/poly(CoTBIPc) using the amperometry tool. The proposed sensor

displayed outstanding reproducibility, repeatability, and high stability, without losing its main catalytic

DOI: 10.1035/d25u00035k properties. Furthermore, the designed sensor has high selectivity for H,O, even in the presence of

rsc.li/rscsus interfering species in the solution.

Sustainability spotlight

The research and development of new phthalocyanines are very important for the electrochemical applications as it is utilized a lot in sensing applications and
energy storage devices. However employing and use of cobalt (Co) metal were having limited reports for nanomolar detection of hydrogen peroxide (H,0,). So
herein we describe the synthesis of polymeric cobalt tetrabenzimidazole phthalocyanine and the fabrication of an amperometric sensor with detailed char-
acterization. A glassy carbon electrode was modified with the synthesized phthalocyanine and carbon nanotubes (CNTSs) to determine the H,O, content. The
fabricated amperometric sensor manifests impeccable performances with high selectivity for H,O, even in the presence of interfering species in solution. The
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present work aligns with affordable and clean energy, climate action for real UN SDG's.

1. Introduction

Metallophthalocyanines (MPcs) and their derivatives are well-
known organic semiconducting materials belonging to the
conjugated aromatic heterocyclic family."* These N4 macro-
cycles exhibit intensive redox behavior, and their properties can
be tuned by changing the appropriate peripheral substituents.
They are primarily used for diverse applications like bio-active
transducers, corrosion inhibition, sensing, catalysis, fuel cells,
photoconducting, semiconducting, etc.* Furthermore, Pcs have
been widely studied for the functionalization of carbon nano-
tubes (CNTs) because they play an essential role in the
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enhancement of the performance of CNT-based devices as they
demonstrate attractive electronic and photo-electronic
properties.>®

Furthermore, hydrogen peroxide (H,0,) is an antiseptic and
can be applied to open wounds and cuts. Notably, H,0, is used
as a bleaching agent for teeth whitening. Even skin bleaching
ingredients contain this substance. H,O, detection and moni-
toring are significant because of their importance in recent
years in various fields such as the food industry, electro-
chemical energy conversion, chemical synthesis, biotechnology,
and environmental, clinical, and pharmaceutical
applications.”” Among the various sensing techniques, elec-
trochemical methods are simple, cheaper, and reproducible,
and can be employed for on-site analysis because of their
portability. Enzyme-based electrochemical biosensors for
detecting H,O, are extensively being researched but are
expensive, complicated, and affected by temperature and pH
due to the variation in the activity of an enzyme. Alternatively,
non-enzymatic electrochemical sensors have attracted more

© 2023 The Author(s). Published by the Royal Society of Chemistry
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attention because of their long-term stability, high sensitivity,
pH-free, quick response time, and low cost.***

Chemically modified electrodes have enormous significance
and advantages in real electrochemical sensing applications.
The literature survey reports reveal that the reduction of H,0O, is
accelerated at CNTs"*** with an impressive lower over potential
and enhanced reversibility in its voltammetric behavior. As
a result of high conductivity, it potentially reciprocates fast
electron transfer yielding the best electrochemical perfor-
mance. Electrochemical sensors modified with a carbon nano-
material composite film have displayed an excellent linear
response range with a lower detection limit of 3 nmol L™
Owing to their unique properties, we have fabricated a poly
cobalt tetrabenzimidazole phthalocyanine-CNP organic
composite hybrid and applied it as a non-enzyme electro-
chemical sensor to detect H,0,.

2. Experimental details

2.1. Materials

All the chemicals used for the synthesis of the phthalocyanine
compound and electrochemical studies were purchased from
Sigma Aldrich or Merck. The chemicals were utilized without
any purification as obtained.

2.2. Synthesis of 2,2-(butane-1,4-diyl)bis(1H-benzimidazole)
compound (i)

Precursor (i) was prepared by using a mixture of o-phenylene
diamine (OPDA) (3.23 g, 0.0290 mmol) and adipic acid (5.0 g,
0.0290 mmol) in a round bottom (RB) flask containing 50 mL
polyphosphoric acid (PPA). Then, the reaction mixture was
refluxed at 120-130 °C for eight hours, and the crude product
was cooled to room temperature. Next, the crude product was
thoroughly washed with water and dried. Then the targeted
ones were obtained by recrystallization with the support of
methanol.

Synthetic yield: 89%. Melting point: 104 °C. Mol. Wt. 290.36.
Anal. for the compound (i), C;sH;gNy: calce. (%) C, 74.44; H, 6.10;
N, 19.37. Found (%): C, 74.53; H, 5.99; N, 19.28. IR absorption
bands (KBr (pellet), cm™"): 552, 703, 847, 902, 982, 1133, 1122,
1168, 1218, 1278, 1405, 1533, 1614, 1846, 2569, 3011, 3006 and
3401. Mass (m/z): 290 (M); 288 (M>").

2.3. Synthesis of [2,2]-(butyl)bis[4-(benzimidazole-1-yl)-
phthalonitrile] ligand (ii)

Compound (ii) was prepared by combining compounds (i) (2.0
g, 0.0094 mmol), 4-nitrophthalonitrile (1.63 g, 0.0094 mmol)
and potassium carbonate (1.55 g, 0.011 mmol) (1:1:1.5) in a RB
flask with dry dimethylformamide (DMF) (10 mL). The ground
mixture was stirred at room temperature for one day in a N,
atmosphere. The progress and completion of the reaction were
monitored by thin layer chromatography (TLC). After the reac-
tion was completed, the crude product was transferred into
a beaker containing ice water to obtain the residue. The
precipitate was filtered and washed with water. Finally,

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

compound (ii) was recrystallized from ethanol and dried in
a vacuum.

Yield: 91%. Melting point: 215 °C. Mol. Wt. 542.55. Anal. for
compound (ii) C34H,,Ng: calc. (%) C, 75.25; H, 4.02; N, 20.64.
Found (%): C, 75.65; H, 3.99; N, 20.97. IR absorption bands (KBr
(pellet), cm™): 761, 821, 919, 955, 1086, 1123, 1266, 1317, 1585,
1543, 1685, 1782, 1898, 2244, 2890, 3021 and 3431. Mass (m/z):
542 (M); 543 (M™).

2.4. Synthesis of cobalt(u)tetra[4[2,2']-(butyl)bis[4-
(benzimidazole-1-yl)]] phthalocyanine polymer,
poly(CoTBImPc) (iii)

A ground mixture of compound (ii) (1.0 g, 0.0024 mmol), cobalt
chloride (0.08 g, 0.00062 mmol), and dry 1-pentanol (25 mL),
and a catalytic amount of 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) were taken in a RB flask and refluxed with continuous
stirring at 140 °C for one day. Then, the dark blue-colored crude
formed was cooled, filtered off, and washed successively with
cold and hot water. Next, the blue-colored solid product was
washed with hot ethanol, acetone, and hexane. Finally, the
product was dried in a vacuum oven for one hour at 50 °C to
obtain a bluish solid.

Yield: 92%. Mol. Wt. ~ [2277.42],. Anal. for compound pol-
y(CoTBImPc) (iii) [C130H100N3,C0],: Calc. (%) C, 73.01; H, 4.35;
N, 19.65; Co, 2.83. Found (%): C, 72.89; H, 4.66; N, 19.05; Co,
2.63. UV-VIS (DMSO, Apax(nm)): 324, 348, 612, 681. IR absorp-
tion bands (KBr (pellet), cm™"): 751, 761, 845, 954, 1096, 1104,
1245, 1328, 1385, 1426, 1407, 1621, 2701, 2848, 2921 and 3442.

2.5. Preparation of the analyte

0.1 M H,0, stock solution was prepared by using double
distilled water. The H,0, working standard solution of 0.01 mM
was prepared by dilution and was added in an increment of 10
pL into a cell containing 10 mL phosphate buffer solution pH 7
(PBS pH 7). The H,0, concentration in the electrochemical cell
after adding 10 uL H,0, working standard solution was 10 nM.

2.6. Preparation of modified electrodes

The GC surface was cleaned by polishing with alumina 0.05
micron (Baikalox, Japan) on a polishing pad (Buehler, Ltd),
washed with water, and subsequently rinsed with piranha
solution for 10 min. Finally, the GCE was rinsed sequentially
with a copious amount of double distilled water (DD water),
acetone, and ethanol.

The electrode surface was modified by the drop coating
method. The polymer ink was prepared by dispersing poly(-
CoTBImPc) (5 mg) in 1 mL isopropyl alcohol together with 10 pL
of Nafion binder (5% wt) and was ultrasonicated for 30 min to
yield a homogeneous solution. The polymeric electrode was
constructed by drop casting 5 uL of the as-prepared poly(-
CoTBImPc) solution on the clean, glassy carbon electrode (GCE)
and dried at room temperature and is represented as GCE/
poly(CoTBImPc). Similarly, the hybrid composite electrode was
constructed by dispersing 5 mg of a 1:4 ratio of CNT and
CoTBImPc composite in 1 mL IPA with 10 uL of Nafion binder
(5% wt). It was homogenized with the help of ultrasonication for
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30 min. Then, 5 pL of the composite was drop cast on a GCE
carefully to obtain a uniform film and dried at room tempera-
ture. The fabricated electrode is represented as GCE/CNP/pol-
y(CoTBImPc). These two electrodes were utilized for the
voltammetric and amperometric sensing of H,O,,

3. Characterization methods

The elemental compositions of all the new compounds were
estimated by using a Vario EL III CHNS elemental analyzer. UV-
Vis absorption spectroscopy was performed using an
FLMS04808 Ocean optics spectrometer in the wavelength range
of 250-800 nm with 0.1 mM polymeric phthalocyanine dis-
solved in DMSO solvent. The KBr pellet technique was used to
collect the FT-IR spectra from a FTIR PerkinElmer Spectrum-
Two spectrophotometer in the region of 4000-500 cm™*. A GC/
MS instrument of 6100 series from Agilent technologies was
used for recording the mass data. Next, the powder X-ray
diffraction (PXRD) profile was recorded from a Bruker D8
Advance X-ray diffraction machine. Thermograms were recor-
ded using an STA6000 machine in the temperature region of 30
to 700 °C (heating rate of 10 °C min™ ).

Electrochemical experiments were performed using
a CHI6005E Electrochemical analyzer workstation with a three-
electrode setup. The working electrode was a polymeric Pc
immobilized glassy carbon electrode (GCE) with a surface area
of 0.071 cm™? (the diameter of the electrode is 3 mm). An Ag/
AgCl electrode was employed as the reference electrode, and
a Pt wire was used as the counter electrode. Before studying
polymer immobilized electrodes, the electrochemical behavior
of 0.1 mM poly(CoTBImPc) in DMSO containing TBAP as
a supporting electrolyte was studied.'®* Chronoamperometric
and cyclic voltammetry experiments were conducted to detect
and sense H,0, in PBS at the polymeric Pc and composite
electrodes. High purity N, was used to remove dissolved O, by
purging for at least 20 minutes prior to each experiment and
maintaining the nitrogen atmosphere over the solution during
the measurements.

OH

co. <,
NH,
PPA
8h Reflux

-
CN

K,COj3, DMF /@:
24h stir VN N

0] (ii)

N N‘@cn CoCl,
DBU, Pentanol
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4. Results and discussion

The schematic scheme for preparing phthalocyanine polymer is
depicted in Scheme 1. OPDA reacted with a compound with a -
COOH group to yield a benzimidazole-containing precursor (i).
The benzimidazole precursor (i) undergoes a nucleophilic
displacement reaction with nitrophthalonitrile to form the
benzimidazole phthalonitrile ligand (ii). As shown in Scheme 1,
ligand (ii) upon cyclization and condensation reactions with
a metal salt in 1-pentanol forms polymeric phthalocyanine (iii).
The ring closure and cyclotetramerization of the phthalonitrile
ligand occur in the presence of organic “super-base” DBU
yielding a macrocyclic structure. The ligand (ii) has two
phthalonitrile groups, forming polymeric phthalocyanine from
the monomeric phthalocyanines (iii).

TLC monitored the progress and completion of each reaction
step, and the synthesized compounds were purified and char-
acterized using melting point, elemental analysis, FT-IR, and
mass spectroscopy (mass spectral data are provided in the ESIt).
The polymeric cobalt phthalocyanine complex was a blue to
green product with solubility in DMSO, DMF, and concentrated
H,S0,.

4.1. UV-vis spectroscopy

The UV-visible spectrum of poly(CoTBImPc) was recorded using
0.1 mM polymer in DMSO in the range of 250 to 800 nm, Fig. 1.
The synthesized polymer showed sharp absorption peaks at
300-340, 590-610 (shoulder peak), and 650-705 nm. The peak
observed in the UV region at 300-350 nm is called the B-band
and is attributed to the n—mt* transition. The intense Q-band was
observed at 650-705 nm, and the phthalocyanine's deep,
intense blue/green color can be ascribed to this peak, which
arises because of the m-m* transition of the conjugated mac-
rocycle.’”*® The peak observed at 590-610 nm can be accounted
for by the Pc molecule's oligomer and dimeric forms and fine
vibronic structure. The polymeric phthalocyanine showed a red
shift in the absorption maximum of B and Q bands compared to

24h Reflux

(i)

Scheme 1 Synthetic route for the preparation of polymeric cobalt phthalocyanine.
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Fig. 1 UV-Visible spectrum of (iii).

the parent cobalt phthalocyanine due to extended conjugation,
electron delocalization, and planarity of the molecule.*®

4.2. FTIR characterization

FT-IR spectra for the precursor, ligand, and phthalocyanine
polymer were recorded in the region 500 to 4000 cm ™", Fig. 2.
The FTIR spectrum of the precursor compound exhibited
a vibrational band at 1540-1620 cm ™', which corresponds to
C=C stretching and 2870-3020 cm ™" to C-H stretching. In
addition, a weak band was observed around 3200 cm ™,
attributed to a secondary amine.

A new sharp peak was noticed around 2250 cm™ " for the
ligand corresponding to the -CN group. The -CN group's
appearance in the ligand confirms the formation of the conju-
gated phthalonitrile ligand. In addition to TLC, IR was helpful
in successfully monitoring the completion of the reaction to
form cyano ligands from their respective imidazole precursors
by carefully scrutinizing the evolution of the cyano group peak

at ~2250 cm~'. The synthesized phthalocyanine complex

Relative transmittance
L

3200 cm

4000 3000 2000

Wavenumber (cm™)

Fig. 2 FT-IR spectra of the precursor,
phthalocyanine.

ligand and polymeric
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displayed peaks at 745-760, 875-895, 965-990, 1004-1110, and
1111-1135 em ', which can be related to the phthalocyanine
skeletal vibrations.'®>* Additionally, the IR spectra of the poly-
meric Pc did not display a peak for the -CN group meaning that
the cyano groups have been utilized to form a polymeric
phthalocyanine structure. The less intense and broader nature
of the bands in the IR spectrum confirms the polymeric nature
of phthalocyanine.

4.3. Mass spectra

The mass spectra of the precursor and ligand were recorded to
get information related to these compounds’ molecular weight
and fragmentation pattern. The mass spectra of the precursor
and ligand are presented in Fig. S1 and S2.7 The synthesized
precursor and ligand showed a (M+ or M—) molecular ion peak
in mass spectra, which coincided with the theoretical molecular
weight of the compounds. For example, the molecular weight of
the precursor is 290. Therefore, its mass spectrum displayed
peaks at 290 and 288, corresponding to M. and M — 2 molecular
ion peaks. In contrast, the ligand has a theoretical molecular
weight of 542, and its mass spectrum displayed peaks at 542 and
543, which can be accounted for M. and M + 1 molecular ion
peaks. This confirms the successful formation of the precursor
and ligand.

4.4. X-ray diffraction studies

The powder X-ray diffraction pattern of the synthesized phtha-
locyanine polymer was recorded in the 26 range of 5-70°, as
shown in Fig. S3.t The pattern was found to be highly noisy with
the peaks' broader nature, revealing that the synthesized Pc
polymer is highly amorphous.

4.5. TGA studies

Thermogravimetric studies yield information related to the
synthesized compounds' thermal stability and decomposition
characteristics. The thermogram for the phthalocyanine poly-
mer was recorded in the temperature range of 30 to 700 °C,
Fig. 3. The thermogram indicates that the Pc polymer degrades

100 |
» 804
7]
o
_-g, 60
o
E3
X 401
20 -]

0 100 200 300 400 500 600 700
Temperature in °C
Fig. 3 TGA analytical curve for polyCoTBImPc.
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mainly in three steps in an air atmosphere. The first mass loss
in the region below 175 °C is due to the loss of volatile
components, water, and moisture from the sample with an
exothermic decomposition. In the second step, the terminal
substituents detached in the temperature region of 300-400 °C.
The final decomposition step occurs fast in an oxidizing
atmosphere and results in the accelerated loss of mass corre-
sponding to the degradation of the phthalocyanine structure
after 400 °C. The stable and final product was formed after the
decomposition of the polymer in the oxidizing atmosphere, and
the amount of the stable product is equivalent to the theoretical
mass of metal oxide present in the polymeric sample loaded for
the analysis. Polymeric Pc showed better thermal stability than
monomeric Pcs, which may account for the extended conjuga-
tion, delocalization of m-electrons, and coplanarity of the
macromolecule.”*?

5. Electrochemical studies

5.1. Solution CV

5.0 mg poly(CoTBImPc) c¢ was used for the solution cyclic vol-
tammetry study in DMSO containing 0.1 M TBAP as the sup-
porting electrolyte, and the potential was cycled in 1.0 to —1.0 V
at a scan rate of 50 mV s~ . Before the experiment, the DMSO
solution was purged with a constant flow of N, gas to remove
the dissolved oxygen for 20 min. As a result, the solution CV of
the bare GCE and poly(CoTBImPc) coated electrode is presented
in Fig. 4. The CV of poly(CoTBImPc) showed two redox peaks
around —0.4 V and 0.3 V, which can be assigned to the mac-
rocycle (Pc> /Pc®”) and the other redox peak for the redox
activity of cobalt metal ions (Co>*/Co®"), respectively, as per
literature reports.>®>®

5.2. Charge transfer studies

CV was also used to investigate the electrochemical response
and charge transfer kinetics of the electrodes in PBS with a 0.1
mM [Fe(CN)¢]>"*~ redox couple. Fig. 5 shows the CVs for the

40

20

-20 -

Current (mA)

-40 -

-60 4

T

40 05 0.0 0.5 1.0

Potential (V vs. Ag/AgCl)

Fig. 4 CV of the bare GCE (i) and with (ii) polyCoTBImPc in DMSO
under the current of N, gas at 50 mV s~ with 0.1 M TBAP.
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Fig.5 CV profile for 0.1 mM [Fe(CN)gl* ™4~ at (i) the bare GCE, (i) GCE/
poly(CoTBImPc) and (i) GCE/CNT/poly(CoTBImPc) in PBS (pH 7).

[Fe(CN)e]>"*~ redox pair on a bare GCE, GCE/poly(CoTBImPc)
and GCE/CNP/poly(CoTBImPc) in PBS at a scan rate of 50 mV
s~'. The separation of the anodic peak from the cathodic peak
of the redox probe is slightly more for GCE/CNP/poly(-
CoTBImPc) than the bare GCE/GCE/poly(CoTBImPc) electrode.
This indicates that the electron mediation is faster at the GCE/
CNP/poly(CoTBImPc) electrode in comparison to bare GCE and
GCE/poly(CoTBImPc) electrodes. The faster and rapid electron
exchange kinetics for [Fe(CN)e]*'*~ on hybrid GCE/CNP/poly(-
CoTBImPc) compared to the Pc film is a result of a superior
surface area and conductivity provided by the CNTs to the
hybrid system.

5.3. Impedance studies

The charge transfer and interfacial behavior of the modified GC
electrode surface were understood using electrochemical
impedance spectroscopy (EIS). The Nyquist plot (Zimaginary VS.
Zyea1) for the bare GCE and GCE/CNP/poly(CoTBImPc) hybrid
composite electrode in [Fe(CN)]**~ aqueous solution with an
amplitude potential of 0.05 V in a wide range of 0.01-1000 kHz
is shown in Fig. 6A.

The impedance plot for the GCE and polymeric film elec-
trode was fitted with a Randles circuit as shown in Fig. 6B. The
equivalent circuit used to fit the experimental data is
(CR(CR)(CR)(CR)(CR)), where R is the electrolyte resistance, and
C is the capacitance arising at the electrode interface and its
surrounding electrolyte. The values of the equivalent circuit
data are summarized in Table 1.

5.4. Application of the CNT/poly(CoTBImPc) electrode for
the detection of H,O0,

The polymeric Pc film on the GCE was used to detect H,O, in
PBS under a nitrogen atmosphere. Fig. S47 shows the cyclic
voltammograms for with and without 100 nM H,O, at bare,
GCE/poly(CoTBImPc) and with and without 10 nM H,O, at GCE/
CNP/poly(CoTBImPc) for the electrocatalytic reduction of H,O,.
The polymer Pc film on the electrode showed redox peaks,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Impedance spectra for (i) the bare GCE and (i) GCE/CNT/poly(CoTBImPc) in 0.1 mM [Fe(CN)el* /4~ in PBS. (B) Equivalent circuit used

to fit the Nyquist plot.

Table 1 Equivalent circuit parameters for the electrodes

Electrodes R, (Q) C; (F) R, (@)

C:(F) R; (Q)

C:(F) Ry (Q)

Bare GCE

GCE/CNP/poly(CoTBImPc) 2.026 x 10~° 1.060 x 10" 2.627 x 10 ° 824

which are compatible with the peaks of polymeric benzimid-
azole Pc in solution, as shown in Fig. 7A. As can be noticed from
the cyclic voltammograms, the current was less at the bare
electrode for the reduction of H,0,. In contrast, the polymeric
electrodes showed a larger current response with less over-
potential. Furthermore, the current response was larger for the
hybrid composite electrode than for the Pc electrode's poly-
merized film. The larger current response and lower over-
potential for the composite electrode may be due to the larger

_— o ,
<
< Y=0.0680 x + 2.2555
= 2
< z R*=0.9997
-
-5 4 P
£ * :
= §
o 5
o
-10-
200 400 600 800 1000
Concentration of Hzoz (nM)
T

0.4 0.0 0.4 0.8
Potential (V) vs. Ag/AgCI

2.049 x 107° 1.647 x 10" 8.384 x 10~7 465.9 3.783 x 10~

226.3 1.353 x 107° 3157  6.195 x 10™° 5341
5.063 x 10°% 2957  4.524 x 10°° 306.9 2.141 x 10°* 313.4

surface area and conductivity of CNTs, which improves the
charge transfer and distribution of the polymer film.

5.5. Electrocatalytic sensing of H,0,

For the sensing study, poly(CoTBImPc)/CNP was modified on
a glassy carbon electrode (GCE) due to its easy fabrication,
renewability, good reproducibility, and outstanding stability.
The preliminary results of electrocatalytic reduction of H,O,
with higher reduction current and lower overpotential at the

Z 0.0
E
:': Y=0.1842 x + 1.2077
-] R2=0.9976
£
= 057
S} 7

7

v/
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Concentration of HyO, (nM)
-1.0 ; . 2 -
038 0.4 0.0 0.4 0.8

Potential (V) vs. Ag/AgCl

Fig. 7 Cyclic voltammograms at (A) GCE/poly(CoTBImPc) for different concentrations of H,O, (100 to 1000 nM) and (B) GCE/CNT/poly(-
CoTBImPc) for different concentrations of H,O, (10 to 100 nM) in PBS. Inset: plot of anodic peak current vs. H,O, concentration at —0.45 V.
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polymer Pc electrodes attracted us to study the current response
for different concentrations of H,0, in PBS (pH 7). The detec-
tion of H,0, was examined using GCE/poly(CoTBImPc) and
CNT/polyCoTBImPc at 50 mV s~ ' in PBS. The electrocatalytic
reduction of H,0, was observed from —0.3 V to —0.8 V with an
increased current in the cyclic voltammogram, but no clear or
sharp peak was noticed. The plot of peak current vs. concen-
tration of H,0, at —0.45 V displayed a linear response in the
range (100 to 1000 nM) with straight line characteristics
depicted by ¥ = 0.0680 x + 2.2555 (R* = 0.9997) with LOD = 30
nM and a sensitivity value of 0.9700 pA nM " cm > for GCE/
poly(CoTBImPc).

Cyclic voltammograms at CNT/poly(CoTBImPc) were recor-
ded for various concentrations of H,O, (10 to 100 nM), Fig. 7B.
Cyclic voltammograms showed a clear and sharp peak at —0.45
V for the reduction of H,0, at CNT/poly(CoTBImPc). The
cathodic current at —0.45 V increased with an increase in the
concentration of H,0,, which can be accounted for by the
reduction of H,0,. The increase in the reduction current for
H,0, was observed at lower overpotential on composite hybrid
electrodes compared to GCE and polymeric Pc film electrodes.
The enhanced current and lower overpotential displayed by
CNT/poly(CoTBImPc) indicate the catalytic nature and synergic
effect of the organic hybrid composite electrode in reducing
H,0,.

The plot of cathodic peak current vs. concentration of H,O,
at —0.45 V was linear in the range 10 to 100 nM H,O, at GCE/
CNT/poly(CoTBImPc) with an insightful straight line charac-
teristics ¥ = 0.1842x + 1.2077 (R*> = 0.9976) and LOD = 5 nM and
a sensitivity of 2.6276 mA nM~' cm™>. The GCE/CNT/poly(-
CoTBImPc) electrode exhibited better sensitivity, LOD and wide
linearity scale for the detection of H,O, compared to GCE/pol-
y(CoTBImPc) as shown in Fig. 7B.

The linear concentration range and corresponding peak
current obtained for H,0, reduction at CNT/poly(CoTBImPc)

A
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Fig. 8
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were found to be higher than those of poly(CoTBImPc), which
may account for the improved electrical conductivity, higher
surface area, and also a larger number of active sites available at
the composite due to the presence of CNTs.

5.6. Effect of scan rate

CVs were recorded for 50 nM H,O, in PBS (pH 7) at different
scan rates from 25 to 500 mV s~' on the GCE/CNT/poly(-
CoTBImPc) composite electrode as shown in Fig S5.f The
current increased with an increase in the scan rate for the
reduction of H,0,. The plot of current response vs. square root
of the scan rate at —0.45 V is shown in Fig S5, which exhibited
a linear plot indicating diffusion-controlled mass transfer
phenomena between the electrode and electrolyte.'®*®

5.7. Amperometric detection of H,0,

The linear current (pnA) response with a larger sensitivity value
observed in cyclic voltammetry for H,0, reduction encouraged
the construction of an amperometric sensor for H,O, using Pc
polymer electrodes. Amperometric sensing of H,0, was carried
out at GCE/poly(CoTBImPc) and GCE/CNT/poly(CoTBImPc) in
PBS with a constant potential of —0.45 V under stirring condi-
tions. The current-time response was monitored with the
repetitive addition of 10 nM H,O, with a time interval of 50
seconds under constant stirring (500 rpm) at the bare and
modified electrodes, as shown in Fig. 8A. Furthermore, the
linear characteristic range for H,0, reduction at poly(-
CoTBImPc) and CNT/poly(CoTBImPc) was in the concentration
range of (10 to 100 nM). Both the polymeric and composite
electrodes displayed a rapid increase in the amperometric
response for successive addition of the H,0, analyte, and the
signal got stabilized in 2-3 s, which is an important parameter
in the development of an efficient sensor. 90% of the steady
state current was realized within 3 s after the addition of H,O,,

5
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-154

iii
500

T T T T
100 200 300 400
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(A) Chronoamperometric curves for the successive addition of H,O, (10 to 100 nM) in pH 7 PBS at (i) the bare GCE, (ii) GCE/poly(-

CoTBImPc) and (i) GCE/CNT/poly(CoTBImPc) at —0.45 V under stirring condition. (B) Plot of amperometric current vs. conc. of H,O, on

different electrodes.
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KCl and (h) KNOs3 in pH 7 PBS at GCE/CNP-poly(CoTBImPc).

which indicates the rapid detection and efficacy of the designed
sensors for the analyte. In addition, the amperometric current
decreased linearly with the H,0, concentration. Fig. 8B
demonstrates the plot for the amperometric current as a func-
tion of increase in concentration and the plot manifested
a linear response in the 10 to 100 nM range with R*> = 0.9951
and 0.9888 for the poly(CoTBImPc) and CNT/poly(CoTBImPc)
electrodes. The R*> value indicates better linear dependence
between the amperometric current and concentration of H,O,
at the Pc and hybrid modified GC electrodes. The regression
equation for the straight line characteristics was given by y =
0.0174x + 5.2151 and y = 0.2420x + 4.945 for GCE/poly(-
CoTBImPc) and GCE/CNP-poly(CoTBImPc) respectively. The
LOD response observed at 3 nM and 2 nM for GCE/poly(-
CoTBImPc) and GCE/CNT/poly(CoTBImPc) electrode with
sensitivity value 0.2482 pA pM ™' cm 2 and 3.4522 mA nM "
em~? respectively. This reveals that the composite hybrid
modified electrode provided good sensitivity towards the
detection of H,0,. The composite hybrid electrode displayed an
enhanced current response for H,0, reduction compared to
that of the polymeric Pc alone film.

5.8. Sensitivity, selectivity and stability studies

The selectivity and specificity of the fabricated GCE/CNT/pol-
y(CoTBImPc) sensor were investigated in a detailed way for the
sensing of H,0, in the existence of electroactive biological
species and salts. Fig. 9A reveals the amperometric response for
(a) 20 nM H,0, and the successive addition of 30 mM of (b)
glucose, (c) ascorbic acid, (d) dopamine, (e¢) NaNO,, (f) hydro-
quinone, (g) KCl, and (h) KNOj; at a regular interval of 50 s into

Table 2 Analytical parameters observed for the detection of H,O,
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(A) Amperometric i—t response for (a) 20 nM H,O, and 1 mM (b) glucose, (c) ascorbic acid, (d) dopamine, (e) NaNO,, (f) hydroquinone, (g)

PBS at a potential of —0.45 V on the CNT/poly(CoTBImPc)
electrode. Amperometric response on the addition of H,O, in
the presence of different interfering compounds in PBS at CNT/
poly(CoTBImPc) is depicted in Fig. 9A. The amperogram clearly
showed a reductive growth in amperometric current on the
addition of 20 nM H,O,_ Furthermore, it was also noticed that
even after the addition of a high concentration (30 mM) of the
interfering compounds like glucose, ascorbic acid, dopamine,
NaNO,, hydroquinone, KCl, and KNO;, the composite electrode
did not have any significant response indicating that the
interfering ions did not influence the H,0, detection. There-
fore, the non-interference of compounds like glucose, ascorbic
acid, dopamine, NaNO,, hydroquinone, KCl, and KNO; in
phosphate buffer solution during the amperometric sensing of
H,0, indicates the excellent selectivity and superiority of the
proposed electrode.

The stability of the composite electrode was monitored by
comparing the amperometric response of the newly prepared
electrode and after storing the electrode for 14 days. The
amperometric current response of the electrode for 14 days was
in good agreement with that of the new electrode's initial
response, indicating that the proposed sensor is stable even
after 14 days. Furthermore, when the electrode was scanned for
100 cycles, it exhibited only a 4% loss in the peak current, which
indicates the good electrochemical stability of the composite
polymer electrodes. Fig. 9B shows the amperometric stability
experiment of the CNT/poly(CoTBImPc) electrode up to a 1500 s
time interval in PBS at a potential of —0.45 V. In this time
interval, the electrode showed stable performance till the
completion of the experiments. This revealed that the CNT/

Electrode Technique Sensitivity Linear range (nM) LOD (nM)
Poly(CoTBImPc) Cyclic voltammetry 0.9700 A nM ' cm 2 100-1000 30
CNT/poly (CoTBImPc) Cyclic voltammetry 2.6276 mAnM ' cm 2 10-100 5
Poly(CoTBImPc) Amperometry 0.2482 mAnM ' cm 2 10-100 3
CNT/poly (CoTBImPc) Amperometry 3.4522 mAnM ' cm? 10-100 2

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Mechanism of H,O, reduction at the CNT/poly(CoTBImPc) electrode.
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Fig. 11 Absorption spectra for (i) poly(CoTBImPc) and (ii) poly(-
CoTBImPc) and H,O, in DMSO solvent.

poly(CoTBImPc) electrode is stable and suitable for detecting
H,0, (Fig. 10). Finally, the essential analytical parameters
observed in this work for detecting H,0, were compared, and
the results are documented in Table 2.

To understand the interaction of polyCoTBImPc with the
H,0, analyte, UV-vis spectrometry in DMSO was carried out

(Fig. 11). The absorption spectrum of 10 mM poly(CoTBImPc) in
DMSO demonstrated a narrow Q-band. In contrast, adding 100
nM H,0, analyte leads to shifting of the Q-band towards a more
extended wavelength region. This might result from adduct or
axial complexation between the central metal of the phthalo-
cyanine macrocycle and H,O,. The results obtained in this work
for the detection of H,0, were also compared with the literature
reports as summarized in Table 3.

5.9. Reproducibility and repeatability of modified electrodes

Reproducibility and repeatability play important roles in the
design of the efficient sensor. To study the reproducibility of
poly(CoTBImPc) and CNT/poly(CoTBImPc) electrodes, five
modified electrodes were developed under similar conditions.
The H,0, detection was performed amperometrically for all the
constructed electrodes using a 10 nM H,0, solution. The rela-
tive standard deviation was found to be 2.1% for poly(-
CoTBImPc) and 1.8% for CNT/poly(CoTBImPc). The sensor's
repeatability was evaluated for the detection of H,0, (10 nM) by
taking four duplicate amperometric experiments in PBS (pH 7)
using poly(CoTBImPc) and CNT/poly(CoTBImPc) electrodes.
The RSD was found to be 2.1% for poly(CoTBImPc) and 1.4% for
CNT/poly(CoTBImPc). The RSD values are in the permissible

Table 3 Comparison of GCE/CNT/poly(CoTBImPc) with different electrodes in the literature for the sensing of H,O,

Electrode material Method Dynamic range (1M) LOD (uM) Ref.
GO/poly(CoTBIPc) cv 2-200 0.6 16
Ni(OH), nanoplates cv — 1.0 30
n-Octylpyridinum hexafluorophosphate Cv 20-800 12 31
[PFeW,,03,]"*" polyoxoanion cv 10-200 7.4 32
PtNPs/NPGE CvV 0.1-20.0 0.72 33
Cu,O/N graphene/GCE cv 5.0-357 0.80 34
Poly(CoTBImPc) cv 0.1-1 0.030 This work
CNT/poly (CoTBImPc) cv 0.01-0.1 0.005 This work
Poly(CoTBImPc) CA 0.01-0.1 0.003 This work
CNT/poly (CoTBImPc) CA 0.01-0.1 0.002 This work
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Table 4 Analytical data obtained for commercial 3% H,O, analysis
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Theoretical value Detected Recovery
Sample (nM) (nM) (%) RSD (%)
Commercially available 3% hydrogen peroxide 20 21 105 2.50

40 41 102 1.85

70 72 103 1.55

range; therefore, the proposed amperometric sensor shows
satisfactory reproducibility and repeatability.

5.10. Real sample analysis

Table 4 displays the analytical result obtained for determining
hydrogen peroxide in commercially available 3% hydrogen
peroxide using the CNT/poly(CoTBImPc) electrode. The well-
defined CV responses were observed for each addition of an
accurate sample in the PBS (pH 7) electrolyte. The response
current reached 95% steady-state current within 5-7 s of the
sample injection, and the resulting amperogram was consistent
with lab sample results. The concentration-dependent linear
calibration plot showed good linearity. A cheap and fast
responsive electrochemical device and an instantaneous analyt-
ical device were proposed for the detection of H,0, present in
commercially available 3% hydrogen peroxide samples.

5.11. Interaction between the phthalocyanine and carbon
nanotubes

Finally, the designed poly(CoTBImPc) supported on carbon
nanotubes was submitted to different treatments to modify the
interaction between the active phase and the support. The
prepared materials have been studied primarily as electro-
chemical sensors for detecting H,O,. Particular emphasis has
been placed on determining the importance of the strength of
the interaction between the phthalocyanine and the support;
using CNT modifications, the electrochemical behavior and
surface chemistry of the resulting materials have been
improved and have led to a better electron transfer. Moreover,
these nanocomposites provide a synergic effect that enhances
the response properties of the modified electrodes so that GCE/
CNT/poly(CoTBImPc) showed better analytical parameters with
a greater sensitivity (3.4522 mA nM " cm™?), LOD (2 nM), and
linear range (10-100 nM).

6. Conclusion

The present work demonstrates the successful synthesis of pol-
y(CoTBImPc) and its application for the nanomolar detection of
H,0,. On successive addition of H,0,, polyCoTBImPc-CNT/GCE
shows clear separation and consistent growth in peak current for
the reduction of H,O, compared to Pc alone and the bare GCE.
The superior performance of the composite electrode may be
ascribed to the presence of CNTs, which have a high conductivity
and surface area. GCE/CNT/poly(CoTBImPc) showed better
analytical parameters with a greater sensitivity (3.4522 mAnM ™"
cm?), LOD (2 nM), and linear range (10-100 nM). Furthermore,

© 2023 The Author(s). Published by the Royal Society of Chemistry

the electrode exhibits greater reproducibility, repeatability, and
high stability and also shows good selectivity for H,O, even in the
presence of interfering compounds like electroactive biological
species and inorganic salts.
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