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a b s t r a c t 

The synthesis and characterization of novel cobalt(II) tetraamide benzimidazole phthalocyanine 

(CoTABImPc) has been reported for the first time and applied for the determination of mercury(II) at 

nanomolar concentration using electrochemical techniques. CoTABImPc was prepared by coupling 4- 

(1H-benzimidazol-2-yl)aniline with cobalt(II) tetracarboxylic acid phthalocyanine. CoTABImPc was char- 

acterized by elemental analysis, TGA, FT-IR, UV–visible, Mass, and NMR spectroscopic techniques. The 

CoTABImPc was electropolymerized on clean glassy carbon electrode (GCE) by continuous cycling of the 

potential (GCE/poly(CoTABImPc)). The polymeric film was employed for the detection of highly toxic 

Hg(II) by cyclic voltammetry (CV), differential pulse voltammetry (DPV) and chronoamperometric (CA) 

methods. The designed GCE/poly(CoTABImPc) electrode exhibited good electrochemical response and high 

electrocatalytic activity for detecting Hg(II). The Pc polymeric film electrode displayed a sensitivity of 

1.2178 μA nM 

−1 cm 

−2 for the detection of Hg(II) in the linear range 10–300 nM, and low detection limit of 

4 nM using CV technique. Further, DPV exhibited a sensitivity of 1.4024 μA nM 

−1 cm 

−2 in the 10–500 nM 

range with LOD of 3.8 nM. The CA method delivered an excellent sensitivity of 3.7389 μA nM 

−1 cm 

−2 

in the linear range 10–400 nM with LOD of 3 nM. The proposed method augments the selective electro- 

chemical determination of Hg(II) in environment pollution analysis. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Heavy metal ions like As, Cd, Pb, Cr and Hg are highly harm- 

ul to the environment and human health [1] . Heavy metal ions 

rom industrial wastewater are majorly responsible for water pol- 

ution [2] . Heavy metal ions get enriched in the living organisms 

hrough the food chain and due to their nondegradability and non- 

iocompatibility results in serious damage and problems to ani- 

als, plants, and humans. Particularly, mercury (Hg(II)) is consid- 

red as the most toxic element that could easily accumulate in the 

uman body and environment [3] . The World Health Organization 

WHO) has set a permissible level of Hg(II) as 30 ppb in drink- 

ng water, whilst the U.S Food and Drug Administration corpora- 

ion has mentioned a maximum permissible level of Hg(II) in meat 

s 10 0 0 nM L −1 [4] . 

Among the different Hg compounds, most dangerous is 

imethylmercury ((CH 3 ) 2 Hg) which is toxic enough to cause death 

ven if few microliters is spilt on the skin, or even on latex 
∗ Corresponding author. 
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loves [5] . The excess Hg(II) levels in water and meat can lead 

o death, mental retardation, dysarthria, blindness, neurological 

eficits, hearing impairment, developmental defects, and abnor- 

al muscle tone [6] . Besides, it can result in disorders including 

unter-Russell syndrome, pink disease, Minamata disease and se- 

ere kidney damage. Hence the contamination caused by heavy 

etals has aroused extensive public concern [4] . 

In this regard, accurate, reliable detection, and monitoring of 

race level Hg(II) in water, as well as noxious waste samples, has 

rofound importance to secure the health and environment. Dif- 

erent analytical methods have been developed for the reliable de- 

ection of Hg(II), including traditional methods such as inductively 

oupled atomic absorption and emission spectroscopy [7] , X-ray 

uorescence spectrometry [8] , inductively coupled plasma mass 

pectrometry [9] and capillary electrophoresis [10] . Also, different 

ensing strategies have been explored for the detection of Hg(II) 

sing photoelectrochemical [11] , surface Plasmon resonance [12] , 

urface-enhanced resonance Raman scattering [13] , electrochemi- 

al [14] , fluorescence and colorimetric methods [ 15 , 16 ]. 

However, among the various analytical methods, electrochem- 

cal methods are simple, reliable and straightforward when com- 

ared with the accessible aforementioned conventional and ad- 

https://doi.org/10.1016/j.electacta.2020.137519
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2020.137519&domain=pdf
mailto:kslokesh@vskub.ac.in
https://doi.org/10.1016/j.electacta.2020.137519


M. Palanna, S. Aralekallu, C. Keshavananda Prabhu et al. Electrochimica Acta 367 (2021) 137519 

v

p

t

i

f

M

s  

s

[

a

t

b

o

c

b

c

H

e

e

o

t

t

e

g

v

t

w

l

2

2

d

c

s

N

M

2

2

c

S

p

4

o

c

c

2

4

t

a  

a  

p

t

d

o

c

4

2

(

c

1

a

J  

1

2

c

i  

(

d

fl

t

r

a

a

w

(  

2

4

1

2

2

b

(

m

1

f

w

a

C  

4

s

(

7

2

2

m

2

a

t

c  

H

o

2

p

t

anced methods. But the electrochemical techniques require an ap- 

ropriate catalyst which can reduce the overpotential and increase 

he catalytic activity. 

In recent years, metal phthalocyanines (Pcs) have clinched great 

nterest because of their excellent properties like environment- 

riendliness, low-cost, stability, and semiconducting nature [17] . 

oreover, Pcs are easy to synthesize and are widely studied as 

ensors [ 18 –20 ], supercapacitors and battery [ 21 , 22 ] materials in

uccession to their traditional applications as dyes and pigments 

23] . Metal phthalocyanines (MPcs) are redox-active molecules and 

re known to catalyze the reactions effectively [ 24 –27 ]. 

Hence, MPcs find great potential as surface modifiers in elec- 

rochemical sensors as they yield high surface area, good absorba- 

ility, and high catalytic activity [28] . A variety of MPcs composed 

f different metal ions and ligands have been reported as efficient 

atalysts in electrochemical sensors [ 29 , 30 ]. Among them, Co- 

ased MPcs are explored extensively, as they exhibit exceptional 

hemical stability and flexibility for catalytic applications [ 31 , 32 ]. 

owever Pc-based materials have not yet been employed in the 

lectrochemical sensing of heavy metals and in particular Hg(II). 

The benzimidazole substituent at the periphery of Pc ring is 

lectrochemically active and it forms an electropolymerized film 

n potential cycling [33] . The polymeric film deposits on the elec- 

rode surface and provides chemical interaction between the elec- 

rode and Pc polymeric film. The Pc film uniformly distributes and 

xpected to have high conductivity due to the extension of conju- 

ation and delocalization with higher surface area and also, pro- 

ides higher stability and less interfacial resistance for the charge 

ransfer compared to physical adsorption process [34] . 

In this study, CoTABImPc was prepared for the first time and 

as electropolymerized and utilized as a highly sensitive and se- 

ective catalyst for Hg(II) electrochemical sensor. 

. Experimental section 

.1. Materials 

4-aminobenzoic acid, anhydrous cobaltous acetate, anhy- 

rous potassium carbonate, orthophenylenediamine and mer- 

ury(II) chloride were procured from Alfa Aesar India. 5% Nafion 

olution, N, N’-dicyclohexylcarbodiimide, dimethylsulphoxide, N, 

’-dimethylformamide, methanol, ethanol were purchased from 

erck, India. Electrodes were obtained from fuel cell store, India. 

.2. Synthesis of phthalocyanine complex 

.2.1. Synthesis of cobalt(II) tetraamide benzimidazole phthalocyanine 

omplex 

The synthesis of CoTABImPc was performed as revealed in 

cheme 1 . The preparation of benzimidazole phthalocyanine com- 

lex has two reaction steps. The first step involves the formation of 

-aminobenzimidazole moiety and the second step is the coupling 

f the precursor with carboxylic acid phthalocyanine to yield the 

obalt tetraamide benzimidazole phthalocyanine complex as the 

oncluding product. 

.2.2. Preparation of 4-(1H-benzimidazol-2-yl)aniline ( i ) 

The mixture of o-phenylenediamine (2.531 g, 0.0234 mol) and 

-aminobenzoic acid (3.209 g, 0.0234 mol) was grounded well and 

ransferred into a clean dried RB flask containing ethanol (20 mL) 

s a solvent and added a catalytic amount of NH 4 Cl to the solution

nd refluxed at 65–70 °C for 4 h to get compound i . The reaction

rogress was monitored using thin-layer chromatography (TLC). Af- 

er completion of the product formation, crude was charged into 

eionized ice-cold water to get a brown precipitate. The product 

btained was filtered, washed with distilled water and finally, the 
2 
rude product was purified using chloroform to get corresponding 

-(1H-benzimidazol-2-yl)aniline [35] . 

Yield: 73%. Melting point: 226–228 °C. Anal. for ( i ), Mol. Wt. 

09.26. C 13 H 11 N 3 ; Calc. (%): C, 74.62; H, 5.30; N, 20.08. Found 

%): C, 74.43; H, 5.33; N, 20.32. IR absorption bands (KBr (pellet), 

m 

−1 ): 494, 691, 730, 897, 922, 1001, 1031, 1109, 1243, 1273, 1312, 

460, 1479, 1568, 16 6 6, 1760, 1878, 1918, 2763, 3057, 3216, 3343 

nd 3432. 1 H NMR (400 MHz, DMSO–d 6 ): δ 5.58 (s, 2H), 7.47 (d, 

 = 8.00 Hz, 1H), 7.56 (d, J = 9.00 Hz, 1H), 7.88 (d, J = 9.00 Hz,

H), 7.49 (d, J = 8 Hz, 1H), 11.38 (s, 1H). Mass: M 

+ 3 (212.13). 

.2.3. Preparation of cobalt(II) tetracarboxylic acid phthalocyanine 

omplex (CoTCAPc) ( ii ) 

CoTCAPc was synthesized by utilizing the procedure as reported 

n the literature [ 33 , 34 ]. A ground mixture of trimellitic anhydride

100 mM), urea (5 M), a catalytic amount of ammonium molyb- 

ate (0.2 mM) and CoCl 2 (25 mM) was charged into a three-necked 

ask and stirred at 170–180 °C for 5 h and then cooled to room 

emperature. The obtained shady green colored product was pu- 

ified by washing with alcohol and concurrently with hot dil.HCl 

nd 1 N NaOH solutions. At last, CoTCAPc was washed with a large 

mount of distilled water to remove the acid. The product CoTCAPc 

as dried over P 2 O 5 . 

Yield: 78%. Anal. CoTCAPc, Mol. Wt. 747.49. C 36 H 16 N 8 O 8 Co: Calc. 

%) C, 57.84; H, 2.16; N, 14.99; O, 17.12; Co, 7.88. Found: C, 57.52; H,

.13; N, 15.24; Co, 7.75. Absorption spectra (DMSO, λmax (nm)): 330, 

30, 600, 635. IR absorption bands (KBr (pellet), cm 

−1 ): 736, 884, 

091, 1157, 1283, 1323, 1403, 1469, 1520, 1606, 1718, 2224, 2851, 

927, and 3406. Mass: M 

. (747). 

.2.4. Synthesis of cobalt(II) tetraamide 

enzimidazole phthalocyanine complex ( iii ) 

The precursor compound 4-(1H-benzimidazol-2-yl)aniline 

1.01 g, 0.0040 mol) was mixed with CoTCAPc (0.241 g, 0.0010 

ol) and, DCC (1.51 g, 0.0060 mol) in an RB flask containing 

0 mL dimethylformamide. The mixture was refluxed at 90 °C 

or about 6 h. The dim bluish-green colored product formed was 

ashed with alcohol, hexane and acetone. Then dried in an oven 

t 60 °C for an overnight. 

Yield: 75%. Anal. for CoTABImPc (deep blue), Mol. Wt. 1512.42 

 88 H 52 N 20 O 4 Co; Calc. (%): C, 69.88; H, 3.47; N, 18.52; Co, 3.90; O,

.23. Found (%): C, 69.49; H, 3.41; N, 18.79; Co, 3.61. Absorption 

pectra (DMSO, λmax / nm (log ε, mol −1 L cm 

−1 )): 339 (3.69), 612 

4.03), 677 (4.21). IR absorption bands (KBr (pellet), cm 

−1 ): 642, 

22, 752, 806, 892, 1043, 1090, 1154, 1244, 1309, 1446, 1578, 1625, 

123, 2856, 2930, 3217, 3349, and 3430. Mass: M 

−3 (1509.18). 

.3. Instrumentation and characterization 

All the analytical techniques used for the characterization are 

entioned in the Supporting Information. 

.4. Cleaning of glassy carbon electrode (GCE) 

The GCE surface was polished with alumina powder slurry (0.3 

nd 0.05 μm, respectively) on a polishing pad. The polished elec- 

rode was then sonicated in ethanol to remove the trapped parti- 

les. Then CV scans were performed in −1 to 1 V range in 1 M

 2 SO 4 electrolyte to remove the adsorbed particles on the surface 

f the GCE. 

.5. Modification of the electrode 

The electropolymerization methodology was employed to de- 

osit a thin uniform film of Pc on the electrode. Electropolymeriza- 

ion process was carried out using cyclic voltammetry with 0.1 mM 



M. Palanna, S. Aralekallu, C. Keshavananda Prabhu et al. Electrochimica Acta 367 (2021) 137519 

Scheme 1. Synthetic approach for CoTABImPc. 
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Fig. 1. FTIR spectra for (i) 4-(1H-benzimidazol-2-yl)aniline, (ii) CoTCAPc and (iii) 

CoTABImPc. 
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oTABImPc in DMSO containing 0.1 M TBAP at cleaned GCE. The 

olymeric film electrode was represented as GCE/poly(CoTABImPc) 

nd employed for voltammetric and amperometric determination 

f Hg(II). 

.6. Preparation of mercury(II) solution 

The 0.01 M mercury(II) chloride stock solution was prepared us- 

ng doubly distilled water and was diluted to achieve a working 

tandard solution of 0.01 mM. Different aliquots of the standard 

olution of Hg(II) was injected into 10 mL PBS electrolyte through- 

ut the analysis. 

. Results and discussion 

The scheme for preparing cobalt tetraamide benzimidazole ph- 

halocyanine (CoTABImPc) is presented in Scheme 1 . The pre- 

ursor i was prepared by reacting 4-aminobenzoic acid with 

PDA in the presence of ethanol with a catalytic amount of 

H 4 Cl. The CoTABImPc formation involves the coupling of 4- 

minobenzimidazole with CoTCAPc ( Scheme 1 ). 

The amide bond formation mechanism is presented in the Sup- 

orting Information (Scheme. S1). The amide bond is formed by 

he reaction of an acid and amine in the presence of a coupling 

gent. The amide bond is stable because of the resonance struc- 

ure of (-CO 

= NH–). The nitrogen in amide is having lone pair of 

lectron capable of delocalization with carbonyl carbon. This forms 

he partial double bond between –N 

= C by pushing electrons from 

 

= O and results, in turn, the formation of oxygen anion [36] . 

The electrophilic carbonyl carbon (–COOH) of CoTCAPc reacts 

ith a nucleophilic amine group (–NH 2 ) of 4-amino benzimidazole 

n the presence of coupling agent dicyclohexylcarbodiimide (DCC) 

esulting in protonation/deprotonation. DCC acts as a dehydrating 

gent and also enhances the synthetic efficiency of the forward re- 

ction forming the product. This coupling method is mild, efficient 

nd compatible for peptide bond formation and the driving force 

f the reaction is the formation of urea by-product. The CoTABImPc 

omplex obtained was bluish-green amorphous powder. The com- 

lex is soluble in DMF, DMSO, DMA, quinoline and Conc H 2 SO 4 . 

.1. FT-IR studies 

Fig. 1 depicts the FTIR spectra of precursor compound 4- 

minobenzimidazole, CoTCAPc, and CoTABImPc complexes 
3 
ecorded in the range of 40 0–40 0 0 cm 

−1 . The compound 4- 

minobenzimidazole displayed peaks at 3343, 3216 and 3432 cm 

−1 

orresponding to –NH 2 and –NH of benzimidazole group. The char- 

cteristic peaks for Pc complex were observed around 735–750, 

75–890, 1050–1060, 1090, 1150–1160 cm 

−1 and assigned for 

hthalocyanine skeletal vibrations [34] . The peak at 1718 cm 

−1 in 

he spectrum of CoTCAPc corresponds to –C 

= O and broad peak 

t 3406 cm 

−1 for –OH of –COOH present in the complex. The 

isappearance of peaks at 3406 cm 

−1 and the appearance of a 

ew peak at 3217 and 3349 cm 

−1 indicate the conversion of 

arboxylic acid Pc to benzimidazole cobalt phthalocyanine. The 

eak at 3430 cm 

−1 can be assigned for –NH of benzimidazole 

roup. 

.2. Mass spectra 

The mass spectra of CoTCAPc and CoTABImPc are character- 

zed by many competitive and consecutive pathways, thus form- 

ng many intense fragment ions. The mass spectrum was recorded 

t various retention times and the mass spectrum of the precur- 

or compound 4-(1H-benzimidazol-2-yl)aniline is in Fig. S1. The 
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ase peak for i appears at m/z = 212.13 which corresponds to M 

+ 3 

olecular ion peak. The theoretical molecular weight of CoTCAPc is 

47.49 and the mass spectrum demonstrated peaks at m/z = 743, 

44,745, 746 and 747.0 which can be accounted for M 

−4 , M 

−3 , M 

−2 ,

 

−1 and M 

. molecular ion peaks, Fig. S2. Similarly, CoTABImPc 

as a theoretical molecular mass of 1512.4 and the peak appeared 

t m/z = 1509, 1527, 1528, 1529 and 1530 can be attributed to 

 

−3 , (M + H 2 O) −3 , (M + H 2 O) −2 , (M + H 2 O) −1 , (M + H 2 O) molecular

on peaks as shown in Fig. S3. 

.3. 1 HNMR studies 

The 1 H NMR spectrum of the precursor was measured in 

MSO–d6 at 400 MHz and chemical shift values were recorded 

n ppm. Fig. S4 is the 1 H NMR spectrum of 4-aminobenzimidazole 

nd the peaks were observed at δ 5.58 (s, 2H), 7.47 (d, J = 8.00 Hz,

H), 7.56 (d, J = 9.00 Hz, 1H), 7.88 (d, J = 9.00 Hz, 1H), 7.49 (d,

 = 8 Hz, 1H), 11.38 (s, 1H). The peak for NH 2 of amine (in Fig.

4) was singlet peak at δ 5.58 (s, 2H) and peak for NH proton ap-

eared at δ 11.38 (s, 1H). 1 H NMR spectrum successfully confirmed 

he purity and formation of 4-aminobenzimidazole compound ( i ). 

.4. UV–visible studies 

Two characteristic bands were noticed in the UV–vis spectrum 

f phthalocyanine complexes i.e., B band or soret band in the UV 

egion and Q band in the visible region (Fig. S5). The spectrum 

f CoTCAPc exhibited a peak at 330 nm in B band region and 

35 nm in the Q band region with a shoulder peak at 600 nm. 

hereas, CoTABImPc displayed a peak at 339 and 677 nm in B 

nd Q band regions with a shoulder peak at 612 nm. The shoul- 

er peak can be ascribed to vibronic nature as well as a dimer, 

ligomeric molecules present in the complex. The Q-band is re- 

ponsible for the green color of the Pc complexes prepared. The 

mall shift in the absorption peak position towards longer wave- 

ength for CoTABImPc compared to CoTCAPc can be accounted for 

ugmenting in the conjugation and resonance stabilization in ben- 

imidazole phthalocyanine. 

.5. TGA studies 

Fig. S6 depicts the thermograms of CoTCAPc and CoTBImPc. The 

ittle weight loss below 150 °C can be accounted to the loss of 

oisture and volatile components in the sample. The complexes 

ere stable up to 450 °C and then the Pc macrocycle undergoes 

radual decomposition in 400–550 °C region. At this temperature, 

he peripheral functional groups first get detached and then the 

omplex undergoes decomposition in air atmosphere. The weight 

orresponding to the horizontal portion after 600 °C represents 

he stable oxidized compound, CoO formed which is equivalent to 

he theoretical weight of the CoO in the initial weight of Pc. The 

oTABImPc demonstrated enhanced thermal stability than the CoT- 

APc as a result of higher conjugation and extended delocalization 

n the CoTABImPc. 

.6. Cyclic voltammetric studies 

The electrochemical activity and redox performance of the 

oTABImPc complex was investigated by cyclic voltammetry (CV). 

efore the experiments, the DMSO solution was purged with a 

onstant flow of N 2 gas to eliminate the dissolved oxygen for 

0 min. Fig. 2 shows the first cyclic voltammogram for 1 mM 

oTABImPc in DMSO containing 0.1 M TBAP as supporting elec- 

rolyte at a scan rate of 50 mVs −1 on pristine GCE. The CV 

f CoTABImPc demonstrated two pairs of redox peaks at −0.3 

o −0.5 V and 0.25 to 0.45 V which can be assigned for the 
4 
Co II Pc −2 ]/[Co II Pc −1 ] and [Co II Pc −2 ]/[Co I Pc −2 ] redox couples, re- 

pectively according to the literature reports [ 29 –31 ]. 

.7. Electrochemical polymerization of CoTABImPc 

The benzimidazole moiety is electrochemically active and it 

uccessfully forms polymerization product on continuous cycling 

f the potential. The electropolymerization of CoTABImPc was car- 

ied out on cleaned GCE with 0.1 M CoTABImPc in DMSO contain- 

ng TBAP supporting electrolyte and scanning the potential amid 

 to −1 V at 20 mV s −1 for 20 cycles under the N 2 atmosphere

s presented in Fig. S7. The gradual progress in the number of po- 

ential cycles displayed a proportional change in the current which 

s accounted for the sequential addition of repeating units to the 

olymer on the electrode. Further, peak potential shift was no- 

iced for the consecutive CVs which might be due to the expo- 

ure of new polymeric surface at the GCE. The dark sapphire film 

as noticed after the deposition of polymer on the GCE surface. 

olymerization of CoTABImPc complex involves the stacking of the 

upramolecular blocks with great structural flexibility. It is note- 

orthy that the acidity of the -NH proton of benzimidazole moi- 

ty increases in presence of electronegative atoms located near the 

arbon atom. The interactions between electron-withdrawing and 

onating atoms are believed to be electrostatic interactions be- 

ween π-donors and π-acceptors, which have been efficiently uti- 

ized in electrochemical polymerization [ 33 , 34 ]. 

The polymeric film was analysed by CV to evaluate its electro- 

hemical behavior and stability in DMSO containing 0.1 M TBAP 

t 20 mVs −1 under N 2 atmosphere. The first cycle in Fig S7, dis- 

layed peaks analogous to peaks in Fig. 2 which confirmed the ad- 

ering of poly(CoTABImPc) film on the electrode surface. Besides, 

ig. S8 depicts a small or negligible change in the background and 

eak current for the fresh CV and the 100th cycle which infers that 

he poly(CoTABImPc) possess good electrochemical stability on the 

lectrode. 

.8. Charge transfer behavior 

Redox probe, Ferro/ferricyanide system was employed to eval- 

ate the electron transfer characteristics of GCE/poly(CoTABImPc). 

ig. S9 depicts the CVs of the redox probe at virgin GCE 

nd GCE/poly(CoTABImPc) film. The virgin GCE showed well- 

efined characteristic redox peaks for the Fe 2 + /Fe 3 + redox probe 

hereas, partial flattening of the peaks was noticed at the 

CE/poly(CoTABImPc) with a peak current decrease which infers 

hat the electron transfer is sluggish at the GCE/poly(CoTABImPc) 

ompared to pure GCE. The slight sluggish behavior experienced 

t the poly(CoTABImPc)electrode may be accounted for the lesser 

onductivity and thick film of Pc on the surface which slightly 
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Fig. 3. Nyquist plot of 1 mM K 4 [Fe(CN) 6 ] at (i) bare GCE and (iii) 

GCE/poly(CoTABImPc) and the theoretical fit for (ii) bare GCE and (iv) 

GCE/poly(CoTABImPc) in 0.1 M PBS pH 7.0. Inset: Equivalence electrical circuit used 

to fit the EIS data. 

b

a

3

a

o

t

m

a

i  

1

p

R

N  

s  

s

W

N

i

e

[

t

u

o

t

t

3

t  

4

t

o

f

c

m

h

e

a

p

s

l

3

Table 1 

Intrinsic electrochemical parameters for the Hg(II) detection at 

GCE/poly(CoTABImPc). 

Tafel slope 113 mV/dec 

Exchange current density 7.41 × 10 −5 A cm 

−2 

Diffusion coefficient (2.2.0 ± 0.2) × 10 −4 cm 

2 s −1 
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locks the facile transfer of electrons at the boundary of electrode 

nd electrolyte. 

.9. Impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is helpful to ex- 

mine the interfacial charge transfer and charge storage process 

f the polymeric electrode. Further EIS demonstrates the advan- 

age of separating interfacial processes at different frequency do- 

ains. EIS also provides input about the mechanism of reaction 

rises at the electrode and electrolyte system. EIS was measured 

n PBS pH 7.0 containing 1 mM K 4 [Fe(CN) 6 ] in the 0.001 Hz to

0,0 0 0 Hz frequency range with 5.0 mV amplitude. The Nyquist 

lot at virgin GCE and poly(CoTABImPc) are placed in Fig. 3 . The 

andel’s equivalent circuit was applied to theoretically fit the 

yquist plot by using the model R 1 (C(R 2 W)) as shown in the in-

et of Fig. 3 , where R 1 , R 2 , C and W symbolize the resistance of

olution, charge transfer resistance, capacitance and the complex 

arburg impedance, respectively. The semicircle diameter in the 

yquist plot represents the charge transfer resistance. As shown 

n Fig. 3 , GCE/poly(CoTABImPc) displayed larger semicircle diam- 

ter than GCE indicating the hindrance of electron transfer from 

Fe(CN) 6 ] 
3 −/4 to electrode owing to the poor conductivity of Pc ma- 

erial. Change in the Rct value of poly(CoTABImPc) compared to the 

nmodified electrode reveals the modification of poly(CoTABImPc) 

n the electrode surface. Table S1 summarizes the equivalent elec- 

rical circuit parameters evaluated by fitting the impedance spec- 

ra. 

.10. Detection of Hg(II) 

The GCE/poly(CoTABImPc) electrode was evaluated for the de- 

ection of highly toxic Hg(II) by CV in 0.1 M PBS (pH = 7). When

0 nM Hg(II) was added into PBS, a peak appeared at 0.18 V on 

he GCE/poly(CoTABImPc), which is responsible for the detection 

f Hg(II), but the bare GCE did not show an appreciable peak 

or the Hg(II) addition (Fig.S11). The CV revealed that the electro- 

atalytic current for Hg(II) detection at GCE/poly(CoTABImPc) was 

uch larger with lesser overpotential compared to GCE. The en- 

anced peak current response and decreased in the overpotential 

stablished that the poly(CoTABImPc) film acts as an effective cat- 

lyst to activate the detection of analyte. 

The augmented electrochemical signal for Hg(II) detection at 

olymeric film electrode, motivated the concentration-dependent 

tudies at the proposed GCE/poly(CoTABImPc) electrode. Fig. 4 a il- 

ustrates the CV behavior towards different concentrations of 10 to 

00 nM Hg(II) at GCE/poly(CoTABImPc) electrode. The CVs demon- 
5 
trated a well-defined and sharp peak for the detection of Hg(II) 

t 0.18 V and successive increase in response was noticed for en- 

ancement in the Hg(II) concentration. The plot of peak current 

i p ) versus the Hg(II) concentration displayed a linear characteristic 

n the 10–300 nM concentration range ( Fig. 4 b). The linear equa- 

ion for the straight-line relationship is; i/ μA = 1.2769 + 0.0853 C 

nM), with the correlation coefficient (R 

2 ) of 0.9979. The sensitivity 

f the GCE/poly(CoTABImPc) was calculated based on the slope of 

he calibration plot and the sensitivity was 1.2178 μA nM 

−1 cm 

−2 

ith 10 nM as the lowest quantifiable concentration. The experi- 

ental limit of detection (LOD) was 4 nM by the 3 σ method. The 

alue of LOD for Hg(II) at GCE/poly(CoTABImPc) is much smaller 

han the reported values in the literature [ 37 –43 ]. 

The sensitivity, concentration range and LOD of the fabricated 

oly(CoTABImPc) electrode are correlated with various modified 

lectrodes in literature for Hg(II) detection and are summarized in 

able S2. The LOD offered at GCE/poly(CoTABImPc) is much lower 

han other electrodes. 

The mechanism of Hg(II) detection involves the adsorption of 

g(II) onto the surface of GCE/poly(CoTABImPc) and the presence 

f benzimidazole and amide groups in the Pc may enhance the ad- 

orption capacity for Hg(II). 

.11. Scan rate studies 

The scan rate dependence of the Hg(II) redox reaction at 

CE/poly(CoTABImPc) was monitored by CV. The CV curves for 

0 nM Hg(II) at various scan rates (10–80 mVs −1 ) in PBS at 

CE/Poly(CoTABImPc) are shown in Fig. 5 . The i p for Hg(II) detec- 

ion increased with the scan rate ν . Inset of Fig. 5 established that 

 p of Hg(II) increased linearly with the square root of the ν from 10 

o 80 mVs −1 and the linear regression equation for the straight- 

ine characteristics was i /( μA) = 4.5934 ((mVs −1 ) 1/2 ) + 0.9294x 

ith R 2 as 0.9983. The linear variation in i p with the ν concludes 

hat the Hg(II) detection at the poly(CoTABImPc) electrode is driven 

y the diffusion process. 

The diffusion coefficient, D for the Hg(II) detection at 

oly(CoTABImPc) is calculated by the Eq. (1) , 

 

◦
p = 0 . 4463 n F AC ( nF v D/RT ) 

1 / 2 (1) 

here n is the total number of electrons transferred in the over- 

ll Hg(II) detection reaction ( n = 2), A is the GCE surface area 

0.0701 cm 

2 ), F is the Faraday constant (96,485.332 C mol −1 ), C is

he bulk Hg(II) concentration (60 nM) in mol cm 

−3 , ν is the scan 

ate in mVs −1 , R is the gas constant (8.314 J K 

−1 mol −1 ), T is the

emperature in K. 

The D value was found to be 2.202 × 10 −4 cm 

2 s −1 for Hg(II) 

etection at GCE/poly(CoTABImPc) ( Table 1 ) which is comparable 

ith the reported electrodes for Hg(II) [ 44 , 45 ]. The kinetics of 

ercury nucleation from Hg 2 
2 + and Hg 2 + solutions on vitreous 

arbon electrodes showed D value of (1.4 × 10 −5 cm 

2 s −1 ) [44] and 

 value for cathodic and anodic deposition of mercury and silver 

t boron-doped diamond electrodes is (~10 −5 cm 

2 s −1 ) [45] . This 

oncludes that GCE/poly(CoTABImPc) has shown a superior D value 

or Hg(II) compared to other electrodes in the literature. The D 

alue provides an understanding of the ability of Hg(II) to diffuse 

hrough a unit area in 1 s in the applied potential gradient of one 
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Fig. 4. (a) CV response for Hg(II) in 10 to 300 nM range at GCE/poly(CoTABImPc) in 0.1 M PBS pH 7.0. Inset; zoomed portion of the CV. (b) calibration plot of the peak 

current versus Hg(II) concentration. 

Fig. 5. CVs for 60 nM Hg(II) at GCE/poly(CoTABImPc) in 0.1 M PBS pH 7.0 with 

different scan rates. Inset: plot for i p versus square root of scan rate. 

Fig. 6. Tafel plot for the Hg(II) detection at GCE/poly(CoTABImPc). 
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nit. The D value suggests a facile diffusion of the Hg(II) through 

he electrolyte to electrode interface. 

.12. Tafel slope 

The reaction kinetics and mechanism of Hg(II) detection at 

CE/poly(CoTABImPc) can be studied by using Tafel plot, and the 

lope value in Tafel plot is used to compare the catalytic activ- 

ties of different electrocatalysts. The Tafel slope value measures 

he sensitivity of response to an analyte at an appropriate voltage 

nd also explores the rate-determining step for understanding the 

inetics of the reaction. The log I vs. E (V) (Tafel map) is a linear

lot with 1/b slope. Tafel plot in Fig. 6 follows the typical Tafel per-

ormance. The Tafel slope is obtained as 113 mV dec −1 for Hg(II) 

etection at the polymeric electrode. The exchange current den- 

ity for the rate of the reaction was found to be 7.41 × 10 −5 A

m 

−2 which infers that the intrinsic Hg(II) detection kinetics is 

ided by the polymerized electrode for the Hg(II) detection at 
6 
CE/poly(CoTABImPc). The Tafel slope value and scan rate studies 

or Hg(II) detection at GCE/poly(CoTABImPc) show an electrochem- 

cally irreversible reaction for the detection of Hg(II). Obtained in- 

rinsic values for the detection of Hg(II) at GCE/poly(CoTABImPc) 

re shown in Table 1 . 

.13. Differential pulse voltammetry 

The electrochemical response of the GCE/poly(CoTABImPc) elec- 

rode towards Hg(II) detection was also investigated by DPV in PBS 

pH 7.0), Fig. 7 . 

Different concentrations of Hg(II) were added and peak re- 

ponse was monitored under the optimized working conditions. 

s in Fig. 7 a, the GCE/poly(CoTABImPc) demonstrated a gradual in- 

rease in peak current with the enhancement of Hg(II) concentra- 

ion. The relationship between Hg(II) concentration and peak cur- 

ent showed linear range in 10 to 500 nM with straight-line equa- 

ion i/ μA = 2.6690 + 0.0983 C (nM) and a good linear correlation 

f R 

2 = 0.9961 with sensitivity as 1.4024 μA nM 

−1 cm 

−2 . Further, 

he LOD was calculated as 3.8 nM based on the 3 σ method. The 

OD of this fabricated sensor is lower than that of the reported 

OD for electrochemical detection of Hg(II) ( Table 2 ) [ 37 –43 ]. 

Fig. 7 confirms that the polymeric Pc exhibits an excellent activ- 

ty for Hg(II) detection with increased response and sensitivity at 

CE/poly(CoTABImPc) interface due to the presence of polymeric 

hthalocyanine which has an effective interaction or complexing 

bility with Hg(II). 

.14. Amperometric detection of Hg(II) 

The electroanalytical performance of the GCE/poly(CoTABImPc) 

lectrode towards Hg(II) detection was assessed using amperom- 

try. The i –t curve for Hg(II) detection was monitored using PBS 

H 7.0 at a fixed potential of 0.18 V and purging the N 2 with con-

tant stirring, Fig 8 . The gradual increase in Hg(II) concentration 

isplayed a proportional current increase and the current response 

as almost five times higher than the CV and DPV methods in- 

icating the superiority of the amperometric method over CV and 

PV methods. 

Amperometric response for Hg(II) detection on 

CE/poly(CoTABImPc) was quick, and further, the stabilization 

f the current response takes less than 2–3 s following the sub- 

equent Hg(II) addition. Quick response and faster stabilization 

ime for Hg(II) by the sensor are very important parameters 

n the fabrication and development of sensor technology. The 

eveloped amperometric sensor showed a linear response in 10 

o 400 nM range and the linear behavior satisfies the straight-line 

quation i/ μA = 2.0116 + 0.2621 C (nM) with the R 2 , 0.9988 and

ensitivity of 3.7389 μA nM 

−1 cm 

−2 . The LOD of Hg(II) was 3 nM 



M. Palanna, S. Aralekallu, C. Keshavananda Prabhu et al. Electrochimica Acta 367 (2021) 137519 

Fig. 7. (a) DPV response of the GCE/poly(CoTABImPc) electrode for the detection of Hg(II) over a concentration range of 10 nM to 500 nM in 0.1 M PBS pH 7.0. (b) calibration 

plot of the peak current versus Hg(II) concentration. 

Table 2 

The analytical data of the proposed voltammetric, differential pulse voltammetric and amperometric sensor. 

Modifier Method Linear Range (nM) Sensitivity μA nM 

−1 cm 

−2 LOD (nM) 

GCE/poly(CoTABImPc) CV 10–300 1.2178 4 

DPV 10–500 1.4024 3.8 

CA 10–400 3.7389 3 

Fig. 8. Amperometric i –t curve for Hg(II) of different concentration at 

GCE/poly(CoTABImPc) in 0.1 M PBS pH 7.0, applied potential 0.18 V. Inset: 

Plot for current response versus Hg(II) concentration. 
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Fig. 9. Selective response for Hg(II) (10 nM) in presence of different heavy metal in- 

terfering species like 5 μM Pb(II), Cd(II), Zn(II), and K(I) at the GCE/poly(CoTABImPc) 

in 0.1 M (pH 7.0) PBS. 
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y the 3 σ method. The fabricated GCE/poly(CoTABImPc) sensor 

s capable to detect the Hg(II) at lesser concentration levels than 

he allowed maximum concentration prescribed by the WHO. 

he analytical data obtained by voltammetric, differential pulse 

oltammetric and amperometric techniques for the detection of 

g(II) at GCE/poly(CoTABImPc) are tabulated in Table 2 . 

.15. Interference, stability and reproducibility of the sensor 

The influence of interferents during the Hg(II) detection at 

CE/poly(CoTABImPc) was evaluated using various metal ions. The 

electivity of the designed GCE/poly(CoTABImPc) was assessed by 

ntroducing 5 μM of different metal ions like Pb(II), Cd(II), Zn(II), 

Cl and 10 nM of Hg(II) in 0.1 M PB solution of pH(7.0), Fig 9 .

he current response curve ( Fig. 9 ) exhibited a prominent response 

or Hg(II), whereas even 50 0 0 times larger concentration of other 

nterferent metal ions like Pb(II), Cd(II), Zn(II), and K(I) did not 

how significant current at designed GCE/poly(CoTABImPc) elec- 

rode. Compared to various interferents, the response for Hg(II) 

n the GCE/poly(CoTABImPc) was much higher representing that 

he developed electrode selectively responds for Hg(II) even in 

he presence of higher concentration of interferents ( Fig. 9 ). 

his shows that the proposed sensor has an excellent anti- 

nterference capability, superior selectivity and recognition capac- 

ty for the Hg(II) detection. 
7 
The repeatability of the GCE/poly(CoTABImPc) sensor was in- 

estigated using the same electrode for 10 successive measure- 

ents. This yielded a relative standard deviation (RSD) of 3.31% for 

0 nM Hg(II). Furthermore, the electrode-to-electrode reproducibil- 

ty was measured using 5 modified electrodes, which were fabri- 

ated utilizing the same fabrication procedure and it displayed an 

SD value of 2.9% for the detection of 60 nM Hg(II). 

.16. Real sample analysis using GCE/poly(CoTABImPc) 

The developed GCE/poly(CoTABImPc) sensor was tested for the 

g(II) determination in real samples. Water samples from indus- 

rial effluents, pond and river were collected, filtered and used for 

he Hg(II) analysis at GCE/poly(CoTABImPc) and no response was 

oticed in the i –t curve indicating that either Hg(II) is absent in 

ater samples or it may contain Hg(II) lesser than the applica- 

le range of the GCE/poly(CoTABImPc) sensor. Standard addition 

ethod was utilized to study the matrix effect by monitoring the 

ecovery values. A known quantity of Hg(II) was added to the wa- 

er sample and then i –t curve was recorded to find the recovery 

alue. The results are summarized in Table 3 and the recovery of 

g(II) ranged between 98.3 and 102.6% in water samples. More- 

ver, the RSD (%) values are in between 1.7 and 2.7% demonstrat- 

ng that the GCE/poly(CoTABImPc) could be practically applied for 

he Hg(II) determination in real samples. 
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Table 3 

Practical application data obtained for the analysis of different water samples and fish sample. 

Sample Hg(II) found Spiked (nM L −1 ) Detected (nM L −1 ) Recovery (%) RSD (%) ( n = 3) 

River water – 30 

100 

300 

31 

102 

305 

103.3 

102 

101.6 

( ±2.5) 

( ±2.3) 

( ±1.9) 

Industrial effluent water – 30 

100 

300 

31.3 

104 

309 

104.3 

104 

103 

( ±2.8) 

( ±2.1) 

( ±2.0) 

Tap water – 30 

100 

300 

30.7 

101.5 

306 

102.3 

101.5 

102 

( ±2.4) 

( ±2.0) 

( ±1.6) 

Drinking water – 30 

100 

300 

30.2 

101.6 

302.5 

100.6 

101.6 

100.8 

( ±2.2) 

( ±2.1) 

( ±1.7) 

5 g Fish – 30 

100 

300 

30.8 

100.9 

304.3 

102.6 

100.9 

101.4 

( ±2.8) 

( ±2.6) 

( ±2.3) 

RSD-Relative standard deviation for n = 3 measurements. 
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Further, to apply the polymerized sensor for practical applica- 

ions, it was also tested for the Hg(II) determination in (angler) 

sh. The fish sample was purchased from a market in Ballari which 

as bought from the coastal part of Karnataka, India. 5 g angler 

sh sample was digested with 20.0 mL concentrated nitric acid at 

20 °C for 2 h and then cooled sample was digested in the mi- 

rowave system for complete digestion. After cooling, the solution 

as heated at 120 °C to remove the acid. The residue was diluted 

y PB saline (pH 7.0) to 10 mL and mixed uniformly [46] . Mercury 

ontent in the angler fish sample was tested by amperometry and 

he sample did not yield a significant response inferring that the 

sh sample contains either no or less Hg(II) than the detectable 

ange of the GCE/poly(CoTABImPc) sensor. The recovery study for 

ngler fish sample was performed and the values are listed in 

able 3 . The Hg(II) recovery in the fish sample was from 101 to 

03% with the relative error below 3%. The results in Table 3 are 

ithin an acceptable range and these results reveal that developed 

CE/poly(CoTABImPc) sensor acts as an efficient, convenient and 

onsistent platform for monitoring Hg(II) content in real samples. 

. Conclusion 

This work presents the fabrication of a phthalocyanine based 

ensor for the detection of highly toxic Hg(II) heavy metal. Firstly, 

 novel benzimidazole Pc was synthesized and electropolymerized 

n the electrode surface. The spectroscopic techniques successfully 

mployed to find the structure and purity of the CoTABImPc. The 

CE/poly(CoTABImPc) sensor was applied as an efficient and re- 

iable sensor for the Hg(II) detection at nanomolar concentration. 

he proposed GCE/poly(CoTABImPc) sensor exhibited superior per- 

ormance concerning broad linear range, low LOD, good sensitiv- 

ty. With all these advantages, GCE/poly(CoTABImPc) acts as an ef- 

cient electrocatalyst for electrochemical sensing applications. 
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