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Supramolecular assemblies 
of carbon nanocoils 
and tetraphenylporphyrin 
derivatives for sensing of catechol 
and hydroquinone in aqueous 
solution
Syeda Aqsa Batool Bukhari1, Habib Nasir1*, Lujun Pan2, Mehroz Tasawar1, Manzar Sohail1, 
Muhammad Shahbaz1, Fareha Gul1 & Effat Sitara1

Non-enzymatic electrochemical detection of catechol (CC) and hydroquinone (HQ), the xenobiotic 
pollutants, was carried out at the surface of novel carbon nanocoils/zinc-tetraphenylporphyrin 
(CNCs/Zn-TPP) nanocomposite supported on glassy carbon electrode. The synergistic effect of 
chemoresponsive activity of Zn-TPP and a large surface area and electron transfer ability of CNCs 
lead to efficient detection of CC and HQ. The nanocomposite was characterized by using FT-IR, UV/
vis. spectrophotometer, SEM and energy dispersive X-ray spectroscopy (EDS). Cyclic voltammetry, 
differential pulse voltammetry (DPV) and electrochemical impedance spectroscopy were used for the 
electrochemical studies. CNCs/Zn-TPP/GCE nanosensor displayed a limit of detection (LOD), limit of 
quantification (LOQ) and sensitivity for catechol as 0.9 µM, 3.1 µM and 0.48 µA µM−1  cm−2, respectively 
in a concentration range of 25–1500 µM. Similarly, a linear trend in the concentration of hydroquinone 
detection was observed between 25 and 1500 µM with an LOD, LOQ and sensitivity of 1.5 µM, 5.1 µM 
and 0.35 µA µM−1  cm−2, respectively. DPV of binary mixture pictured well resolved peaks with anodic 
peak potential difference, ∆Epa(CC-HQ), of 110 mV showing efficient sensing of CC and HQ. The developed 
nanosensor exhibits stability for up to 30 days, better selectivity and good repeatability for eight 
measurements (4.5% for CC and 5.4% for HQ).

The population explosion and a brisk increase of industrialization over the globe have ensued in intensified 
release of various detrimental compounds into the ecological environment. These harmful chemical pollutants are 
destroying the stability of the Earth by adding to the increased toxicology of the environment. Aforementioned 
emerging pollutants may include unregulated chemical substances such as noxious gases (NOx, SOx), natural 
toxins, various volatile substances, byproducts produced as a result of disinfecting drinking water, heavy metals, 
cosmetics, endocrine disruptors, cancer promotors, chemical pigments and dyes, and medicinal  products1–3. 
Catechol and hydroquinone, the dihydroxybenzene positional isomers, are being used in different commercial-
ized products that include cosmetics, pesticides, different pharmaceuticals, dyes, leather industry, photography 
etc. and considered as the xenobiotic  pollutants4–9. The leaching of catechol and hydroquinone into air and water 
contributes to environmental pollution. Due to its reduced degradability and toxic profile catechol has been 
enlisted as pollutant by US Environmental Protection Agency (EPA) and European Union (EU)10. Catechol has 
also been categorized as a Group 2B carcinogen by the International Agency for Research on Cancer (IARC) 
and its high exposure further leads to severe hypertension and breakdown of the central nervous  system11. Simi-
larly due to the high toxicity of hydroquinone, its use has been banned in the European cosmetics industries by 
European Union (EU) legislation and in China the concentration for the emission of hydroquinone is strictly 
limited to 4.45 ×  10–3  M12. Due to their accumulation in the living organisms, there is a need to detect, remove 
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and monitor such toxic compounds through some convenient method. Generally, catechol and its positional 
isomer (HQ) co-exist in the ecological environment and their redox peaks overlap leading to difficulty in detec-
tion of each  isomer13,14.

Hence, different electrochemical techniques that are less tedious, easily transportable and simple are 
extensively  employed15. In contrast the conventional method of high performance liquid chromatography, 
 phosphorescence16,  chemiluminescence6,17,  fluorescence18 pH-based flow injection  analysis19, capillary electro-
phoretic  method20 and various solvent extraction  techniques21 were used previously but their handling requires 
much sophisticated laboratory setups, highly trained professionals, expensive instruments, tedious analysis pro-
cedures which lead to difficulties in real-time analysis.

Porphyrins are the macrocyclic compounds with extensive conjugated structure. Owing to their electron rich 
system, synthetic versatility and inherent stability, tetraphenylporphyrins and metallated tetraphenylporphyrins 
are the potential candidates for chemical sensors, solar  cells22, catalysis, optical  sensors23,  immunosensors24, 
photosensitizers for the cancer detection, and other photoelectrochemical applications. These tetrapyrrolic, ubiq-
uitous macrocycles and their metal derivatives have been exploited to covalently and non-covalently functional-
ize carbon nanostructures viz graphene sheets and carbon nanotubes etc. to be used in the sensing of different 
analytes. Similarly, zinc-tetraphenylporphyrin have been used in water splitting application and its composite 
with reduced graphene oxide has been used for the detection of dopamine due to its high chemical activity and 
stable co-ordinate bonds of the  complex25,26.

Glassy carbon electrode (GCE) modified by ferrocene-Nafion,  CNTs27,28, mesoporous carbon 29–31, diamond 
doped by  boron31,32,  nanodiamond33, graphene, graphene  aerogel34, carbon  black35 and carbon  dots36 have been 
previously employed as modifiers for different analytes e.g. phenolic compounds including catechol and hyd-
roquinone detection etc. and these different kinds of nanomaterials have emerged as potential candidates for 
electrochemical  sensors37, adsorbents and further have been employed to resolve environmental  pollutants38.

Realizing the exceptional conformation and the combination of significant properties i.e. good electrical 
conductivity and mechanical properties of carbon nanocoils has anticipated the researchers to practice these 
fascinating coiled polycrystalline-amorphous morphological structures for construction of different functional 
materials such as nanosensors and other nanoelectronic devices. Depending on the nature of functionalization of 
carbon nanocoils these candidates have found their potential applications in the fabrication of hydrogen storage 
 materials39, electrodes in supercapacitors, electrocatalysts in fuel  cells40, electrodes in micro/nanosensors or wear-
able sensors like flexible multifunctional strain sensors to monitor the pulse rate, breathing and the vibrations 
with efficient sensitivity encompassing the fields of artificial intelligence, electronic tongues, electronic noses and 
other  devices41–43, real-time sensors to recognize humidity changes in various physical conditions of the human 
body and the environment thermal  sensors44 and also some other commercialization purposes of CNCs based 
 materials45 such as electromagnetic transformers and  switches46 etc. Similarly, in another report carboxylic acid 
group functionalized CNCs were incorporated into the Quartz Crystal Microbalance (QCM) platform for the 
sensing of ammonia gas at lower temperature with a detection limit of 50  ppm47. Silver nanosheets decorated 
carbon nanocoils supported on nickel foam free-standing 3D electrode has been fabricated for the non-enzymatic 
sensing of glucose with higher sensitivity and lower detection  limits48. The scope of CNCs in the field of chemical 
sensors is yet to be explored and appeared as an emerging field in electrochemistry.

Herein, the present study is aimed at employing chemoresponsive behavior of Zn-TPP towards development 
of catechol and hydroquinone sensor. For this application of electrochemical sensing carbon nanocoils (CNCs) 
were non-covalently functionalized by zinc tetraphenylporphyrin (Zn-TPP) to prepare the CNCs/Zn-TPP nano-
composite for the electrochemical detection of catechol and hydroquinone. To the best of our knowledge CNCs/
Zn-TPP nanocomposites have not been used before for the electrochemical detection of catechol and hydroqui-
none. The graphical representation of the present research work is shown in Fig. 1.

Results and discussion
Characterization. Figure 2 shows FT-IR spectra of CNCs, TPP, Zn-TPP and CNCs/Zn-TPP. The presence 
of bands at 3310  cm−1 (N–Hstretch), 3035  cm−1 (C–Hstretch), 1601  cm−1 (C=C), 1432  cm−1 (C=N) and 739  cm−1 
(C–H bend) provide the evidence for the formation of  TPP49. When zinc is incorporated into TPP, the band 
3310  cm−1 (N–Hstretch) vanishes whereas a slight shift in all the other bands along with the turn up of a band at 

Figure 1.  Graphical abstract representing fabrication of sensor and the detection of catechol and hydroquinone.
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999  cm−1 (Zn-N) demonstrates synthesis of Zn-TPP50. The molecular structure of TPP and Zn-TPP is shown in 
Fig. 2 (b). The formation of CNCs/Zn-TPP is suggested by comparing Zn-TPP, CNCs and CNCs/Zn-TPP as all 
bands in the region from 500 to 2000  cm−1 for Zn-TPP are present in the nanocomposite as compared to bare 
CNCs, but with lower intensity that depicts the formation CNCs/Zn-TPP nanocomposite.

Figure 3 illustrates the UV/visible spectra of CNCs, TPP, Zn-TPP, CNCs/TPP and CNCs/Zn-TPP. TPP and 
Zn-TPP are characterized by presence of Soret bands (400–450 nm) and Q-bands (500–700 nm)51. The inset in 
Fig. 3 displays TPP spectrum with an intense Soret peak at 417 nm with four supplementary Q-bands at 513 nm, 
548 nm, 591 nm and 645  nm26,49,52. The Soret band (423 nm) of Zn-TPP exhibits bathochromic shift with mag-
nified intensity. The decrement in the number of Q-bands in Zn-TPP is attributed to the reorganization of the 
structural geometry. TPP possesses planar structure and lies in  D2h point group. On introduction of  Zn2+ into the 
TPP the configuration of macrocycle transforms to square planar  (D4h point group) as the metal co-ordinates with 
pyrrolic nitrogen atoms decrease of Q-bands  occur52. A broad band at 316 nm with very low absorption intensity 
for CNCs appeared due to aromatic  system53. In CNCs/Zn-TPP absorption intensity increases as compared to 
pure Zn-TPP due to the non-covalent pi–pi interaction between aromatic system of CNCs and Zn-TPP and the 
same happens in CNCs/TPP as shown in Fig. 354.

UV/vis. spectroscopic analysis suggests the formation of CNCs/Zn-TPP and CNCs/TPP nanocomposites. 
A bathochromic shift in the Soret band and an increase in its intensity signifies that the CNCs/Zn-TPP nano-
composite is formed. Similarly, we can also observe a decrease in the number of Q-bands of nanocomposites as 
compared to the pristine materials. Soret band shifts from 423 nm (Zn-TPP) to 424 nm (CNCs/Zn-TPP) and 
a hypsochromic shift from 417 nm (TPP) to 416 nm observed in CNCs/TPP but more intensified Soret bands 

Figure 2.  (a) FT-IR spectra of CNCs, TPP, Zn-TPP and CNCs/Zn-TPP nanocomposite, (b) structure of TPP 
(I) and Zn-TPP (II).

Figure 3.  UV/visible spectra of CNCs, TPP, CNCs/TPP, Zn-TPP and CNCs/Zn-TPP in DMF.
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were there in both nanocomposites. CNCs/Zn-TPP showed less intense Q bands with a red shift as compared 
to pristine Zn-TPP (Fig. 3).

Scanning electron microscope (SEM) was used to evaluate the surface morphology of pure CNCs and CNCs/
Zn-TPP nanocomposite. Presence of elements i.e. C and Zn in the energy dispersive spectra (EDS) suggests for-
mation of nanocomposite (Fig. S2, Supplementary Information). On the other hand, the EDS analysis of pristine 
CNCs displays only the major portion of carbon content (Fig. S1, Supplementary Information).

Figure 4a shows the coiled structure of pure CNCs and Fig. 4b depicts that small Zn-TPP particles are dis-
persed over the coiled surface. The electrostatic interaction between aromatic pi electrons of TPP and carbon 
nanocoils keeps the two components of the nanocomposite connected to each other.

Electrochemical impedance spectroscopy (EIS) of the modified electrodes. Electrochemical 
impedance spectroscopy was performed to characterize the interfacial electron transfer properties of modified 
electrodes. The typical Nyquist plot of EIS represents two regions i.e. semicircle region corresponding to charge 
transfer resistance  (Rct) at high frequency range and a linear region that corresponds to diffusion-controlled 
process at low frequency. Figure 5 illustrates the Nyquist plot for the electrical conductivities of nanosensors and 
the Randles model was applied for the fitting of data to determine Rct values (Fig. S3, Supplementary Informa-
tion). The relative conductivities of modified electrodes are as: CNCs/Zn-TPP/GCE (1.7 kΩ) > CNCs/GCE (2.9 
kΩ) > CNCs/TPP/GCE (7.0 kΩ) > Zn-TPP/GCE (6.3 kΩ) > TPP/GCE (15.8 kΩ) > GCE (17.9 kΩ). Herein, the 
 Rct values of CNCs/Zn-TPP/GCE, CNCs/GCE and CNCs/TPP/GCE are less than Zn-TPP/GCE, TPP/GCE and 
bare GCE. This reveals that the incorporation of CNCs enhances the electrical conductivity as it provides the 

Figure 4.  Scanning electron microscopic images of (a) pure CNCs and (b) CNCs/Zn-TPP.

Figure 5.  EIS of GCE, TPP/GCE, Zn-TPP/GCE, CNCs/GCE, CNCs/TPP/GCE and CNCs/Zn-TPP/GCE in 
0.5 mM  K3[Fe (CN)6] and 0.1 M KCl.
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large surface area and electron transfer ability due to conjugated pi electron system. Hence, CNCs/Zn-TPP/GCE 
exhibits lowest  Rct due to the lower interfacial resistance and high conductivity of the nanosensor.

Electrochemical behavior of modified electrodes towards catechol and hydroquinone. Cyclic 
voltammetry was carried out to determine the electrocatalytic behavior of different modified electrodes i.e. GCE, 
TPP/GCE, Zn-TPP/GCE, CNCs/GCE, CNCs/ TPP/GCE, CNCs/Zn-TPP/GCE towards 500 µM catechol (CC) 
and 500 µM hydroquinone (HQ) in 0.1 M PBS at sweep rate of 0.05  Vs−1. Figure 6a demonstrates the comparison 
of the peak current and the electrocatalytic behavior of all the electrodes i.e., CNCs/TPP/GCE, Zn-TPP/GCE, 
CNCS/GCE and TPP/GCE and CNCs/Zn-TPP/GCE in 500 µM CC. CNCs/Zn-TPP/GCE exhibits the highest 
oxidation peak current (Ipa = 31.25 µA at a peak potential  Epa of 0.27 V) as compared to other electrodes. Very 
weak redox peaks were observed using bare GCE. The elevated charge transfer kinetics of CNCs/Zn-TPP/GCE 
is due to the synergistic effect of chemoresponsive activity of Zn-TPP, large surface area and electron transfer 
ability of CNCs.

Similarly, the electrocatalytic response of all the modified electrodes (GCE, TPP/GCE, Zn-TPP/GCE, CNCs/
GCE, CNCs/TPP/GCE, CNCs/Zn-TPP/GCE) towards 500 µM hydroquinone is shown in Fig. 6b and here again 
CNCs/Zn-TPP/GCE exhibited excellent activity to detect HQ. CNCs/Zn-TPP/GCE exhibits an oxidation peak 
current of 20.3 µA at  Epa of 0.13 V for 500 µM HQ and it was the highest current observed as compared to other 
electrodes.

The electrochemical surface area of the modified electrode CNCs/Zn-TPP/GCE was determined by per-
forming cyclic voltammetry in 0.1 M KCl solution 0.5 mM  K3[Fe(CN)6] and 0.1 M potassium phosphate buffer. 
Randles–Sevcik equation given below was used to calculate the effective surface area of the electrodes (Table S1, 
Supplementary Information):

where  Ip designates the peak current in amperes, A = effective surface area (ESA) to be measured, D is the distri-
bution co-efficient of redox probe [Fe(CN)6]3−/4− i.e. 7.6 ×  10−6  cm2  s−155, ʋ is the scan rate in  Vs−1, n is the number 
of electrons (here n equals to 1),  C0 is the concentration (mol  L−1) of [Fe(CN)6]3−/4−.

The ESA of CNCs/Zn-TPP/GCE, CNCs, GCE and Zn-TPP was found to be 0.23, 0.26, 0.19 and 0.07  cm2, 
respectively which indicates that incorporation of CNCs enhances the electrocatalytic surface area of Zn-TPP.

Effect of pH of the solution. The pH of the supporting electrolyte is an important factor that influences 
the behavior of the electrode material during electrochemical studies. In our study we used 0.1 M potassium 
phosphate buffer to carry out the voltammetric analyses of catechol. The pH was optimized by evaluating the 
electrocatalytic behavior of the analyte at CNCs/Zn-TPP/GCE electrode with different pH solutions (pH 4–pH 
9) of 0.1 M potassium phosphate buffer containing 500 µM catechol. Figure 7a depict that the oxidation peak 
current of 500 µM CC depends upon the pH of the solution and on increasing the pH the oxidation peak current 
increases till 7 and decreases from 7 to 9 due to the meager availability of protons in alkaline solution. Also, the 
redox peaks become prominent on increasing the pH of the solution. At low pH hydroxyl groups of catechol 
are protonated which decreases its adsorption at the electrode surface due to which decrease in the current is 
 observed56.

Further electrochemical studies were done at pH 7 and taken as the optimum. We selected pH 7 as optimal 
also for further electrocatalytic studies of HQ in contrast to CC due to the detection at lower potential. On 

Ip = 2.69×105 × A× D1/2
× υ1/2

× n3/2 × C0

Figure 6.  CV of GCE, CNCs/GCE, TPP/GCE, Zn-TPP/GCE, CNCs/TPP/GCE and CNCs/Zn-TPP/GCE in 
0.1 M PBS (pH 7) containing (a) 500 µM catechol and (b) 500 µM hydroquinone.
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increasing the pH of the catechol solution, the shift in the oxidation and reduction peak potentials towards 
negative and more positive values respectively was observed. It illustrates that the participation of protons takes 
place in electrode reaction. The linear regression equation for CC obtained from the calibration curve between 
anodic peak potential and pH is  Epa (CC) = -0.06 pH + 0.67  (R2 = 0.98).

Figure 7b depicts that the oxidation peak current of 500 µM HQ also depends upon the pH of the solution 
and the anodic peak current increases till pH 6 to pH 7 and then decreases onwards to pH 9. From the inset in 
Fig. 7b we can say that as the pH increases the anodic potential shifts towards negative potential showing the 
participation of protons in electrochemical redox mechanism of hydroquinone. The linear regression equations 
for HQ obtained from the calibration curve between anodic peak potential and pH is  Epa (HQ) = − 0.07 pH + 0.67 
 (R2 = 0.97), as shown in Fig. 7b.

Herein, the values of slopes in Fig. 7a,b are closed to 0.059 V  pH−1 (theoretical value for Nernst equation and 
the shift in the oxidation peak potentials with respect to Nernst equation explains the electro-oxidation of CC 
and HQ is a two protons and two electrons system)57,58. It is concluded that the equal number of electrons and 
protons are playing part in electrochemical redox process of catechol and hydroquinone at the CNCs/Zn-TPP/
GCE. The probable mechanism for the electrochemical detection of CC and HQ is given in Fig. S4, which shows 
that the electrochemical detection of CC and HQ is a coupled two-electron reversible process.

Effect of variable scan rate (ʋ). The electrochemical behavior of the 500 µM catechol and 500 µM hydro-
quinone (0.1 M PBS pH = 7.0) at CNCs/Zn-TPP/GCE was further investigated by changing the scan rate in the 
range of 0.01–0.1  Vs−1 as depicted in Fig. 8a,b. As the scan rate is increased a subtle increase in the redox peak 

Figure 7.  Effect of variable pH (4.0–9.0) solutions of (a) 500 µM catechol (b) 500 µM hydroquinone (0.1 M 
PBS) at CNCs/Zn-TPP/GCE electrode. Insets: Calibration plot of  Epa vs. pH containing 500 µM CC and HQ.

Figure 8.  CV illustrating the effect of variable scan rates (0.01–0.1  Vs−1) on (a) 500 µM catechol and (b) 
500 µM hydroquinone in 0.1 M PBS at CNCs/Zn-TPP/GCE electrode; Insets: Calibration plot of  Ip(a,c) vs. square 
root of scan rate (ʋ1/2) for CC and HQ.
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currents was obtained. Similarly, the linear trend in the increase of redox peak current was observed when plot-
ted against the square root of the scan rate and it is evident that the electro-redox process of both species at mod-
ified electrode is a diffusion-controlled mode. Herein the reason for the diffusion controlled mechanism is the 
large surface area of the composite material that accelerates the shuttling of charges between the analyte and the 
surface of the electrode and eventually high peak current  occurs59. The plot for the regression equation in inset 
of Fig. 8a for both  Ip(a,c) vs ʋ1/2 for catechol tells about the slope obtained and the regression equation is given as:

Similarly, the regression equation obtained for hydroquinone (shown in Fig. 8b inset) is as follow:

According to the Randles–Sevcik equation, it is concluded that if the slope of the plot of  Ip vs log of scan rate 
is close to 0.5 or less than 1 then the electro-redox is a diffusion-controlled process. Here again we can see from 
the calibration plot with a linear regression equation for CC and HQ as:

the value of slope i.e., 0.6 and 0.7 (Fig. S5a,b) is less than  160, therefore it is suggested that detection of catechol 
and hydroquinone is diffusion controlled process.

The electrochemical determination of catechol and hydroquinone is a reversible two-electron process which 
can be further justified by the following expression:

where  Epa,  Epc and n are the anodic potential, cathodic peak potential and number of electrons involved in the 
system, respectively. Hence the electron count (n) obtained for CC is 1.79 and for HQ it is 2.3 that approximates 
to 2. The two electron redox mechanisms of these two analytes is supported from literature as  well61,62.

Concentration studies of catechol and hydroquinone using cyclic voltammetry (CV) and dif-
ferential pulse voltammetry (DPV). Cyclic voltammetry was also performed to evaluate the individual 
and combined effects of different concentrations of CC and HQ on the peak current density using modified 
electrode, shown in Fig. 9a,b. From the cyclic voltammograms it can be seen as the concentration of catechol 
(Fig. 9a) and hydroquinone (Fig. 9b) is increased from 25 to 1500 µM, a gradual enhancement in the current is 
observed that exhibits the diffusion of electroactive species increases at the electrode surface and more current 
is  detected63. It can also be seen that as the diffusion layer increases at higher concentration the broadening of 

Ipa = 13.01υ1/2 − 22.62
(

R2
= 0.99

)

Ipc = −12.46υ1/2 + 31.70
(

R2
= 0.99

)

Ipa = 8.03υ1/2− 17.49
(

R2
= 0.99

)

Ipc = −9.79υ1/2 + 16.61
(

R2
= 0.99

)

log Ipa(CC) = 0.6 log υ + 0.7
(

R2
= 0.98

)

log Ipa(HQ) = 0.7 log υ + 0.2
(

R2
= 0.99

)

�EpEpa−Epc = (59/n)mV at 25 ◦C

Figure 9.  CV illustrating the effect of variable concentrations of (a) CC (A to J: 25, 50, 75, 100, 300, 500, 
700, 900, 1000 and 1500 µM) and (b) HQ (A to J: 25, 50, 75, 100, 300, 500, 700, 900, 1000 and 1500 µM) in 
pH 7 (0.1 M) PBS solutions at CNCs/Zn-TPP/GCE nanosensor. (Insets: Calibration curve between different 
concentrations of catechol and HQ vs. anodic peak current).
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peak takes place. Cyclic voltammograms demonstrate that the linear range, limit of detection, limit of quantifica-
tion and sensitivity for catechol is between 25 and 1500 µM  (R2 = 0.95), 0.9 µM, 3.1 µM and 0.48 µA µM−1  cm−2, 
respectively (Fig. 9a).

The linear range, limit of detection, limit of quantification and sensitivity for hydroquinone are 25–1500 µM 
 (R2 = 0.99), 1.5 µM, 5.1 µM and 0.35 µA µM−1  cm−2, respectively, refer to Fig. 9b.

Further DPV for individual detection of the compounds was performed (shown in Fig. 10a,b) to analyze 
the sensitivity of the electrode system towards both the analytes and the voltammograms support the results of 
CV in aspect that the material sensed CC and HQ at separate well-defined potentials and as the concentration 
of respective analytes is increased, the gradual increase in the current intensity takes place which reveals the 
efficient and fast diffusion of electroactive species at the interface.

The regression equations for DPV studies of CC and HQ are given below:

Simultaneous detection in binary mixtures of catechol and hydroquinone. The simultaneous 
detection studies were done using binary mixture containing CC (50, 75, 100, 300, 500, 700 and 900 µM) in the 
presence of 500 µM HQ and HQ (50, 75, 100, 300, 500, 700 and 900 µM) in the presence of 500 µM CC as shown 
in Fig. S6a,b, respectively. From the above individual analysis of both the analytes it can be deduced that these 
isomeric species can also be conveniently detected in a binary mixture. Cyclic voltammograms and differential 
pulse voltammograms show the well separation of the peak potential of both the isomers with a ∆Epa(HQ-CC) of 
110 mV. It is concluded that the proposed novel nanosensor exhibits the best catalytic activity for the simulta-
neous estimation of the two isomers. CNCs/Zn-TPP/GCE efficiently and selectively detects the two positional 
isomers that usually co-exist in nature because the peaks are not  overlapped64.

Selectivity, repeatability and stability of CNCs/Zn-TPP/GCE modified electrode isomeric inter-
ference. The effect of resorcinol (1,3-dihydroxybenzene), as an interfering species was evaluated that lie 
closer to catechol and hydroquinone in the potential window where CC and HQ are detected. It is noteworthy 
that no significant change in the detection of CC and HQ was observed upon addition of interfering entity. 
Resorcinol (RS), the positional isomer to CC and HQ, exhibited no interference and detected at more positive 
oxidation potential approximately near to 0.6 V that articulates the less reactive nature of aromatic OH groups 
present at meta to each other in RS whereas catechol (ortho -OH groups) and hydroquinone (para -OH groups) 
are detected earlier at 0.2 V and 0.1 V, respectively. CC and HQ were shown to be more reactive due to the 
position of OH groups contributing towards more resonating structures and increased conjugated behavior of 
the aromatic structure thus enhancing the rate of release of protons in both the isomers. Therefore due to the 
active nature of CC and HQ these are diffused more conveniently to the surface of CNCs/Zn-TPP/GCE modi-

CC: Ipa(µA) = 0.03 C (µM) + 10.60
(

R2
= 0.95

)

HQ: Ipa(µA) = 0.02 C (µM) + 7.29
(

R2
= 0.99

)

CC: Ipa(µA) = 1.46 C (µM) + 0.05
(

R2
= 0.96

)

HQ: Ipa(µA) = 1.42 C (µM) + 0.77
(

R2
= 0.94

)

Figure 10.  (a) DPV illustrating the effect of individual concentrations of (a) CC (A to J: 25, 50, 75, 100, 300, 
500, 700, 900, 1000 and 1500 µM) in 0.1 M PBS at CNCs/Zn-TPP/GCE electrode and (b) HQ (A to J: 25, 50, 
75, 100, 300, 500, 700, 900, 1000 and 1500 µM). Insets: Calibration curve between different concentrations of 
analytes vs. anodic peak current.
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fied electrode and undergo redox reaction as compared to RS that is less activated and only oxidation peak is 
observed for  it65. Figure S7 represents the results of DPV of ternary mixture containing all the three isomers i.e., 
500 µM each of CC, HQ and RS which clearly indicates that these isomers appear at different potentials with well 
resolved peaks and high selectivity of fabricated electrode is observed.

Effect of other interferring species. DPV was performed to further analyze the interfering effect of different 
organic molecules and ions present in the solution we used threefold more quantities of these interfering species 
as compared to CC and HQ. The bar graph depicts that a minor change in current was observed when the inter-
fering species were added to the solutions containing CC and the HQ (Fig. S8, Supplementary Information). The 
interfering species used for the analysis were ascorbic acid (AA), uric acid (UA), para-nitrophenol, resorcinol 
(RS),  Cl−1,  SO4

–2,  Mg+2,  Co+2,  Ca+2,  K+1, and  Na+1. This shows that the developed sensor can be applied for the 
practical application to detect the presence of environmental pollutants.

The electrode was subjected to eight repetitive measurements in 500 µM CC and 500 µM HQ separately 
(Fig. S9, Supplementary Information) and the relative standard deviation values found as 4.50% (CC) and 5.43% 
(HQ) as shown in Table S2 (Supplementary Information).

Similarly, the stability of the sensor towards 500 µM CC and 500 µM HQ was studied after 30 days of storage. 
The percentage loss in the initial activity of the sensor was 6.74% (CC) and 13.66% (HQ), as shown in Table S3 
(Supplementary Information). Hence it depicts the good stability of the electrode.

The performance of the prepared nanosensor was further compared to the other nanosensors reported in 
the literature and it represents that the present nanosensor exhibits good performance as shown in Table 1. The 
table shows different type of electrodes used for the detection of CC and HQ so far and it can be observed that 
the CNCs/Zn-TPP/GCE has comparable results in some cases it has better performance in the sense of LOD 
when compared to Sr. No. 2 that exhibits 4 µM LOD for CC and that of HQ it is 0.6 µM, considering the use 
of electrode in Sr. No. 3 so again CNCs/Zn-TPP/GCE exhibits better results in terms of concentration range 
for CC and also it is used for the detection of both dihydroxybenzene isomers whereas Sr. No. 3 is used for CC 
detection. Furthermore, it has better electrochemical activity as compared to electrodes in Sr. No. 4 and Sr. No. 
5 in terms of LOD and linear concentration ranges. While some other reported electrodes in the Table 1 show 
better performance than CNCs/Zn-TPP/GCE like Sr. No. 8, Sr. No. 7 but in these cases precious metals and the 
sophisticated methods of preparation are used. However, CNCs/Zn-TPP nanocomposite does not require any 
sophisticated methodology, it is cost effective and stable at room temperature up to 30 days.

Real sample analysis. Real sample analysis was performed to analyze the practical application of the pro-
posed sensing material and the standard addition protocol was employed. According to the protocol in two 
different flasks tap water samples were diluted with phosphate buffer (pH 7) then 300 µM CC was added in one 
flask and 300 µM HQ in the other flask. The resulted solutions were analyzed by CV. The recovery of CC and 
HQ was 123% and 90%, respectively (Table 2). The results show that the prepared nanosensor can be used for 
practical application to detect environmental pollutants present in industrial wastes etc.

Conclusions
In this work, a novel nanosensor CNCs/Zn-TPP/GCE was formulated to electrochemically sense catechol and 
hydroquinone individually and simultaneously in binary mixtures. CNCs/Zn-TPP/GCE showed good sensing 
ability as well as well resolved anodic peaks of CC and HQ with a peak potential separation of both isomers as 
∆Epa (CC-HQ) of 110 mV. A wide linear range obtained for catechol was 25–1500 µM with LOD of 0.9 µM, LOQ 

Table 1.  Comparison of performance of CNCs/Zn-TPP/GCE for catechol (CC) and hydroquinone 
(HQ). a ECF-CPE: Electrospun Carbon Nanofiber-Carbon paste electrode. b MIL-101 (Cr)-rGO: Metal 
organic framework-reduced graphene oxide. c EGr-TPyP/GC: Electrochemically exfoliated graphene-
tetrapyridylporphyrin/Glassy carbon electrode. d CdTe QDs/GR: Cadmium Telluride Quantum dots/Graphene. 
e MWCNTs/p-DAN/GCE: Multi-walled carbon nanotubes/poly(1,5-diaminonaphthalene) composite film 
modified electrode. f GO@PDA–AuNPs/GCE: Gold nanoparticles decorated graphene oxide@polydopamine 
composite. g CNCs/Zn-TPP/GCE: Carbon Nanocoils/Zinc-tetraphenylporphyrin/Glassy carbon electrode.

S. no Electrode

Limit of detection 
(LOD) Linear range References

CC HQ CC HQ

1 ECF-CPEa 0.2 µM 0.4 µM 1–200 µM 1–200 µM 66

2 MIL-101 (Cr)-rGOb 4 µM 0.66 µM 10–1400 µM 4–1000 µM 67

3 EGr-TPyP/GCc 3.3 ×  10–7 M – 10–6–10–4 M – 65

4 CdTe QDs/GRd 18.28 µM – 30–1000 μM – 68

5 Co3O4/MWCNTs/GCE 8.5 μM 5.6 μM 10–700 μM 10–800 μM 69

6 MWCNTs/p-DAN/GCEe 1.0 ×  10−8 M 2.0 ×  10−8–1.3 ×  10−4 M 70

7 Co3O4@carbon core/shell nanostructure 0.03 μM 0.03 μM 0.6–116.4 μM 0.8 – 127.1 μM 71

8 GO@PDA–AuNPs/GCEf 15 nM – 0.3–67.55 μM – 72

9 CNCs/Zn-TPP/GCEg 0.9 μM 1.5 μM 25–1500 µM 25–1500 µM Present work
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as 3.1 µM and sensitivity as 0.48 µA µM−1  cm−2, respectively. Similarly, the modified electrode showed linear 
response range of 25–1500 µM for hydroquinone with LOD, LOQ and sensitivity of 1.5 µM, 5.1 µM and 0.35 
µA µM−1  cm−2, respectively. Further the interference studies were performed at CNCs/Zn-TPP/GCE electrode 
with resorcinol and no interference was observed in the detection of CC and HQ. It is suggested that this novel 
nanosensor can be further used for the detection of catechol and hydroquinone in real samples.

Methodology
Reagents and instrumentation. The chemicals used in the present study i.e., zinc acetate, silica gel (for 
chromatography), hydroquinone (99.5%) and n-hexane were procured from Sigma-Aldrich and benzaldehyde 
(≥ 99%), catechol (99%), resorcinol (99%), chloroform (for analysis), n-hexane, dimethyl formamide (DMF) 
(99.5%), hydrochloric acid, sodium hydroxide, potassium chloride (≥ 99%), potassium ferricyanide (99%), 
potassium dihydrogen phosphate (≥ 99%) and dipotassium hydrogen phosphate (≥ 99%) were purchase from 
Merck. Pyrrole (96%) was purchased from Fluka, ethanol (95–97%) was of Pak Made and propionic acid (99%) 
was of Acros Organics. All these chemicals were used as such and of analytical grade, only pyrrole was distilled 
before use. Carbon nanocoils were obtained from Dalian University of Technology, China. For the polishing 
of glassy carbon electrode two different polishing suspensions i.e., diamond polish (1 µm) and alumina polish 
(0.05 µm) were obtained from Gamry Instruments.

Electrochemical measurements were recorded with the high performance potentiostat used was Gamry 
Instrument Reference 3000/3000 AE/Potentiostat/Galvanostat/ZRA (USA) using a three electrode-cell system. 
The reference electrode, counter electrode and working electrodes used were of Ag/AgCl, platinum wire and 
nanocomposite deposited on glassy carbon electrode, respectively. 3 M KCl (saturated) solution in deionized 
water was used as a filling solution for the Ag/AgCl reference electrode. The surface area of the working electrode 
(WE) was 0.07  cm2. The measurements were carried out in a potential window of – 0.2 and + 0.6 V (vs. Ag/AgCl) 
with a sweep rate of 0.05  Vs−1. Moreover, morphology of the prepared composite was determined using Mira3 
Tescan scanning electron microscope (SEM) at a working voltage of 20 kV and energy dispersive X-ray spectro-
scope (EDS) was used for analysis of elements present in the nanocomposite. Bruker Alpha platinum-ATR was 
employed to perform Fourier transform infrared spectroscopy (ATR-FTIR). For UV–visible analysis the spectra 
were recorded with Perkin Elmer Lambda 365 inthe wavelength range of 200–800 nm.

Synthesis of 5,10,15,20-tetraphenylporphyrin (TPP). The Adler-Longo protocol was followed for 
the synthesis of  TPP73–75. For the synthesis of TPP, propionic acid (273 mL) was refluxed with the addition of 
freshly distilled pyrrole (72.4 mmol; 5 mL) and benzaldehyde (68.60 mmol; 7 mL). After the addition of the 
reactants the reaction mixture was further refluxed for 30 min. Then the mixture was cooled to room tempera-
ture, filtered, washed with ethanol and dried in vacuum oven at 50 °C. The impurities were removed by column 
chromatography to obtain pure purple crystals of TTP (yield: 21.8%).

Synthesis of zinc-5,10,15,20-tetraphenylporphyrin (Zn-TPP). The above synthesized tetraphenyl-
porphyrin (110 mg) was dissolved in chloroform (solution A) and zinc acetate tetrahydrate (330 mg) was dis-
solved in methanol (solution B). Both the solutions A and B were mixed in a round bottom flask and refluxed 
for 2 h. Then the reaction mixture was cooled to room temperature, and the solvent was evaporated by rotary 
evaporator. The product (Zn-TPP) was further purified by column chromatography (yield 87%)76.

Preparation of CNCs/Zn-TPP nanocomposite. The nanocomposite was prepared using sono-
chemical method with certain  modifications77. For the preparation of CNCs/Zn-TPP, the solution of Zn-TPP 
(10 mg/10 mL DMF) was added to the CNCs suspension (5 mg/5 mL DMF), the suspended mixture was then 
stirred (12 h) and ultrasonicated for 3 h at room temperature (RT), centrifuged (6000 rpm; 20 min), washed 
with ethanol and dried under vacuum at 60 °C for 24 h. CNCs/TPP nanocomposite was also prepared through 
sonochemical method for comparative analysis of metallated and non-metallated TPP.

Protocol for electrode preparation. The nanosensor electrode was prepared by simple drop casting the 
nanocomposite material onto the surface of pre-polished glassy carbon  electrode78,79. Two types of polishing 
suspensions have been used for the GCE i.e. diamond polish and alumina polish. Diamond polishing was carried 
out by placing the diamond pad on the holding stand. 2 drops of diamond polish were spread over the diamond 
pad, GCE was held vertically and moved continuously over the pad in figure-eight motion and then rotated at 
90° angle after every figure-eight cycle for even polishing of electrode. GCE was then rinsed with de-ionized 
water followed by ultrasonication in ethanol, acetone and de-ionized  H2O sequentially for 5 min each and air 
dried. The working electrode was then polished using 0.05 μm ɤ-alumina slurry using the same method.

Afterwards GCE having 3 mm diameter was modified with composites for electrochemical sensing of CC and 
HQ. About 2 mg of CNCs/Zn-TPP nanocomposite was dispersed in 1 ml of DMF by applying bath sonication 

Table 2.  Detection of both CC and HQ in tap water.

Tap water sample Added (µM) Found (µM) Recovery (%)

Catechol 300 370 123

Hydroquinone 300 271 90
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unless no agglomerates were observed and a homogeneous suspension (ink) result. 5 µl of the nanocomposite 
suspension was pipetted out and drop casted onto the mirror like surface of glassy carbon electrode. Then the 
electrode was dried in air at ambient temperature for electrochemical sensing of CC and HQ. The CNCs, TPP, 
Zn-TPP and CNCs/TPP inks were also prepared and coated on GCE in the same manner.

Received: 6 November 2020; Accepted: 15 February 2021

References
 1. Jin, W. & Maduraiveeran, G. Electrochemical detection of chemical pollutants based on gold nanomaterials. Trends Environ. Anal. 

Chem. 14, 28–36 (2017).
 2. Zhang, Y.-N., Niu, Q., Gu, X., Yang, N. & Zhao, G. Recent progress on carbon nanomaterials for the electrochemical detection and 

removal of environmental pollutants. Nanoscale 11(25), 11992–12014 (2019).
 3. Hernandez-Vargas, G. et al. Electrochemical biosensors: a solution to pollution detection with reference to environmental con-

taminants. Biosensors 8, 29 (2018).
 4. Tang, J., Ma, X., Liu, J., Zheng, S. & Wang, J. Simultaneous determination of hydroquinone and catechol using carbon glass electrode 

modified with graphene quantum dots. Int. J. Electrochem. Sci. 13, 11250–11262 (2018).
 5. Tashkhourian, J., Daneshi, M., Nami-Ana, F., Behbahani, M. & Bagheri, A. Simultaneous determination of hydroquinone and 

catechol at gold nanoparticles mesoporous silica modified carbon paste electrode. J. Hazard. Mater. 318, 117–124 (2016).
 6. Hossain, M., Rahman, M. & Ehsan, M. Simultaneous detection and estimation of catechol, hydroquinone, and resorcinol in binary 

and ternary mixtures using electrochemical techniques. Int. J. Anal. Chem. 2015 (2015).
 7. Huang, Y. H. et al. One-pot hydrothermal synthesis carbon nanocages-reduced graphene oxide composites for simultaneous 

electrochemical detection of catechol and hydroquinone. Sens. Actuat. B Chem. 212, 165–173 (2015).
 8. Huang, X., Deng, X., Qi, W. & Wu, D. Simultaneous detection of hydroquinone and catechol using platinum nanoparticles decorated 

graphene/poly-cyclodextrin/multiwalled carbon nanotubes (MWCNTs) nanocomposite based biosensor. J. Nanosci. Nanotechnol. 
18, 8118–8123 (2018).

 9. Li, J., Liu, C.-Y. & Cheng, C. Electrochemical detection of hydroquinone by graphene and Pt-graphene hybrid material synthesized 
through a microwave-assisted chemical reduction process. Electrochim. Acta 56, 2712–2716 (2011).

 10. Yin, H. et al. Electrochemical behavior of catechol, resorcinol and hydroquinone at graphene–chitosan composite film modified 
glassy carbon electrode and their simultaneous determination in water samples. Electrochim. Acta 56, 2748–2753 (2011).

 11. Rao, M. M. et al. Electrochemical determination of catechol using functionalized multiwalled carbon nanotubes modified screen 
printed carbon electrode. Int. J. Electrochem. Sci. 13, 6126–6134 (2018).

 12. Ahmad, M. S., Isa, I. M., Hashim, N., Rosmi, M. S. & Mustafar, S. Electrochemical detection of hydroquinone by square wave vol-
tammetry using a Zn layered hydroxide-ferulate (ZLH-F) modified MWCNT paste electrode. Int. J. Electrochem. Sci 13, 373–383 
(2018).

 13. Chen, T.-W., Yu, X.-N. & Li, S.-J. Simultaneous determination of dihydroxybenzene isomers using glass carbon electrode modified 
with 3D CNT-graphene decorated with au nanoparticles. Int. J. Electrochem. Sci. 14, 7037–7046 (2019).

 14. Wang, S.-M., Su, W.-Y. & Cheng, S.-H. A simultaneous and sensitive determination of hydroquinone and catechol at anodically 
pretreated screen-printed carbon electrodes. Int. J. Electrochem. Sci 5, 1649–1664 (2010).

 15. Ren, H. et al. Synthesis of hollow Mo2C/carbon spheres, and their application to simultaneous electrochemical detection of hyd-
roquinone, catechol, and resorcinol. Microchim. Acta 186, 306. https ://doi.org/10.1007/s0060 4-019-3432-7 (2019).

 16. Wang, H.-F., Wu, Y.-Y. & Yan, X.-P. Room-temperature phosphorescent discrimination of catechol from resorcinol and hydroqui-
none based on sodium tripolyphosphate capped Mn-doped ZnS quantum dots. Anal. Chem. 85, 1920–1925 (2013).

 17. Zhao, L., Lv, B., Yuan, H., Zhou, Z. & Xiao, D. A sensitive chemiluminescence method for determination of hydroquinone and 
catechol. Sensors 7, 578–588 (2007).

 18. Wang, Y., Zhang, S., Dong, Y. & Qu, J. Research progress of methods for detecting catechol and hydroquinone in water. Chem. Res 
26, 100–104 (2015).

 19. Garcia-Mesa, J. A. & Mateos, R. Direct automatic determination of bitterness and total phenolic compounds in virgin olive oil 
using a pH-based flow-injection analysis system. J. Agric. Food Chem. 55, 3863–3868 (2007).

 20. Schöning, M. J. et al. Amperometric PDMS/glass capillary electrophoresis-based biosensor microchip for catechol and dopamine 
detection. Sens. Actuat. B Chem. 108, 688–694 (2005).

 21. Ma, L. & Zhao, G.-C. Simultaneous determination of hydroquinone, catechol and resorcinol at graphene doped carbon ionic liquid 
electrode. Int. J. Electrochem. 2012 (2012).

 22. Jasieniak, J., Johnston, M. & Waclawik, E. R. Characterization of a porphyrin-containing dye-sensitized solar cell. J. Phys. Chem. 
B 108, 12962–12971 (2004).

 23. Roales, J. et al. Anchoring effect on (tetra) carboxyphenyl porphyrin/TiO2 composite films for VOC optical detection. RSC Adv. 
4, 1974–1981 (2014).

 24. Shu, J., Qiu, Z., Wei, Q., Zhuang, J. & Tang, D. Cobalt-porphyrin-platinum-functionalized reduced graphene oxide hybrid nano-
structures: a novel peroxidase mimetic system for improved electrochemical immunoassay. Sci. Rep. 5, 15113 (2015).

 25. Zhang, Z. et al. Enhanced photo-electrochemical performances of graphene-based composite functionalized by Zn2+ tetraphe-
nylporphyrin. Appl. Surf. Sci. 321, 404–411. https ://doi.org/10.1016/j.apsus c.2014.10.043 (2014).

 26. Sakthinathan, S. et al. Reduced graphene oxide non-covalent functionalized with zinc tetra phenyl porphyrin nanocomposite for 
electrochemical detection of dopamine in human serum and rat brain samples. Electroanalysis 28, 2126–2135 (2016).

 27. Guo, Q. et al. Highly sensitive simultaneous electrochemical detection of hydroquinone and catechol with three-dimensional 
N-doping carbon nanotube film electrode. J. Electroanal. Chem. 760, 15–23 (2016).

 28. Zhao, L. et al. Nickel oxide/carbon nanotube nanocomposites prepared by atomic layer deposition for electrochemical sensing of 
hydroquinone and catechol. J. Electroanal. Chem. 808, 245–251 (2018).

 29. Ndamanisha, J. C. & Guo, L.-P. Ordered mesoporous carbon for electrochemical sensing: a review. Anal. Chim. Acta 747, 19–28 
(2012).

 30. Yu, J., Du, W., Zhao, F. & Zeng, B. High sensitive simultaneous determination of catechol and hydroquinone at mesoporous carbon 
CMK-3 electrode in comparison with multi-walled carbon nanotubes and Vulcan XC-72 carbon electrodes. Electrochim. Acta 54, 
984–988 (2009).

 31. Oliveira, R. T. et al. Electrochemical oxidation of benzene on boron-doped diamond electrodes. Chemosphere 66, 2152–2158 
(2007).

 32. da Silva, A. R. L., dos Santos, A. J. & Martínez-Huitle, C. A. Electrochemical measurements and theoretical studies for understand-
ing the behavior of catechol, resorcinol and hydroquinone on the boron doped diamond surface. RSC Adv. 8, 3483–3492 (2018).

 33. Chen, T.-W. et al. Sensitive and low-potential electrochemical detection of hydroquinone using a nanodiamond modified glassy 
carbon electrode. Int. J. Electrochem. Sci. 12, 8021–8032 (2017).

https://doi.org/10.1007/s00604-019-3432-7
https://doi.org/10.1016/j.apsusc.2014.10.043


12

Vol:.(1234567890)

Scientific Reports |         (2021) 11:5044  | https://doi.org/10.1038/s41598-021-84294-7

www.nature.com/scientificreports/

 34. Juanjuan, Z. et al. Synthesis of nitrogen-doped activated graphene aerogel/gold nanoparticles and its application for electrochemical 
detection of hydroquinone and o-dihydroxybenzene. Nanoscale 6, 5458–5466 (2014).

 35. Lounasvuori, M. M., Kelly, D. & Foord, J. S. Carbon black as low-cost alternative for electrochemical sensing of phenolic com-
pounds. Carbon 129, 252–257 (2018).

 36. Wei, C. et al. Simultaneous electrochemical determination of hydroquinone, catechol and resorcinol at Nafion/multi-walled carbon 
nanotubes/carbon dots/multi-walled carbon nanotubes modified glassy carbon electrode. Electrochim. Acta 149, 237–244 (2014).

 37. Yang, C., Denno, M. E., Pyakurel, P. & Venton, B. J. Recent trends in carbon nanomaterial-based electrochemical sensors for 
biomolecules: a review. Anal. Chim. Acta 887, 17–37 (2015).

 38. Kumar, A. S., Swetha, P. & Pillai, K. C. Enzyme-less and selective electrochemical sensing of catechol and dopamine using ferrocene 
bound Nafion membrane modified electrode. Anal. Methods 2, 1962–1968 (2010).

 39. Reddy, A. L. M., Jafri, R. I., Jha, N., Ramaprabhu, S. & Ajayan, P. M. Carbon nanocoils for multi-functional energy applications. J. 
Mater. Chem. 21, 16103–16107 (2011).

 40. Suda, Y. et al. in Journal of Physics: Conference Series. 012008 (IOP Publishing, Bristol).
 41. Li, C. et al. A flexible, ultra-sensitive strain sensor based on carbon nanocoil network fabricated by an electrophoretic method. 

Nanoscale 9, 9872–9878 (2017).
 42. Yang, S. et al. Sensitivity-Tunable strain sensors based on carbon nanotube@ carbon nanocoil hybrid networks. ACS Appl. Mater. 

Interfaces 11, 38160–38168 (2019).
 43. Xu, S., Fan, Z., Yang, S., Zhao, Y. & Pan, L. Flexible, self-powered and multifunctional strain sensors comprising a hybrid of carbon 

nanocoils and conducting polymers. Chem. Eng. J. 126064 (2020).
 44. Su, C.-C., Huang, C.-L. & Chang, S.-H. Fabrication of aligned carbon nanocoil thermal sensor with a high temperature coefficient 

of electrical resistance at 25–100 C. IEEE Trans. Nanotechnol. 14, 794–797 (2015).
 45. Qi, X. et al. Controllable and large-scale synthesis of metal-free carbon nanofibers and carbon nanocoils over water-soluble NaxKy 

catalysts. Carbon 50, 646–658 (2012).
 46. Qi, X. et al. Large-scale synthesis of carbon nanomaterials by catalytic chemical vapor deposition: a review of the effects of synthesis 

parameters and magnetic properties. Materials 3, 4142–4174 (2010).
 47. Wang, L. & Song, J. Enhanced NH3 sensing properties of carboxyl functionalized carbon nanocoil. Mater. Res. Express (2020).
 48. Usman, M. et al. Carbon nanocoils-nickel foam decorated with silver nanoparticles/sheets using a novel stirring assisted electro-

deposition technique for non-enzymatic glucose sensor. Carbon 157, 761–766 (2020).
 49. Sun, Z.-C., She, Y.-B., Zhou, Y., Song, X.-F. & Li, K. Synthesis, characterization and spectral properties of substituted tetraphenyl-

porphyrin iron chloride complexes. Molecules 16, 2960–2970 (2011).
 50. El-Nahass, M., Zeyada, H., Aziz, M. & Makhlouf, M. Optical absorption of tetraphenylporphyrin thin films in UV–vis-NIR region. 

Spectrochim. Acta A Mol. Biomol. Spectrosc. 61, 3026–3031 (2005).
 51. Ghosh, M. et al. Photophysics of Soret-excited free base tetraphenylporphyrin and its zinc analog in solution. Spectrochim. Acta 

A Mol. Biomol. Spectrosc. 116, 466–472 (2013).
 52. Marsh, D. & Mink, L. Microscale synthesis and electronic absorption spectroscopy of tetraphenylporphyrin H2 (TPP) and metal-

loporphyrins ZnII (TPP) and NiII (TPP). J. Chem. Educ. 73, 1188 (1996).
 53. Guo, X.-W. et al. Visible light-driven photocatalytic Heck reaction over carbon nanocoil supported Pd nanoparticles. Catal. Sci. 

Technol. 6, 7738–7743 (2016).
 54. Wang, A. et al. A 1, 3-dipolar cycloaddition protocol to porphyrin-functionalized reduced graphene oxide with a push-pull motif. 

Nano Res. 8, 870–886 (2015).
 55. Siswana, M. P., Ozoemena, K. I. & Nyokong, T. Electrocatalysis of asulam on cobalt phthalocyanine modified multi-walled carbon 

nanotubes immobilized on a basal plane pyrolytic graphite electrode. Electrochim. Acta 52, 114–122 (2006).
 56. Zhang, M. et al. Sensitive and simultaneous determination of hydroquinone and catechol in water using an anodized glassy carbon 

electrode with polymerized 2-(phenylazo) chromotropic acid. J. Chem. 2019, 2327064. https ://doi.org/10.1155/2019/23270 64 
(2019).

 57. Mao, H. et al. Poly (4-vinylphenylboronic acid) functionalized polypyrrole/graphene oxide nanosheets for simultaneous electro-
chemical determination of catechol and hydroquinone. Appl. Surf. Sci. 420, 594–605 (2017).

 58. Ge, C. et al. Synthesis of a ZnO nanorod/CVD graphene composite for simultaneous sensing of dihydroxybenzene isomers. Carbon 
95, 1–9 (2015).

 59. Radhakrishnan, S., Krishnamoorthy, K., Sekar, C., Wilson, J. & Kim, S. J. A promising electrochemical sensing platform based on 
ternary composite of polyaniline–Fe2O3–reduced graphene oxide for sensitive hydroquinone determination. Chem. Eng. J. 259, 
594–602 (2015).

 60. Bard, A. J. & Faulkner, L. R. Fundamentals and applications. Electrochem. Methods 2, 482 (2001).
 61. Prathap, M. A., Satpati, B. & Srivastava, R. Facile preparation of polyaniline/MnO2 nanofibers and its electrochemical application 

in the simultaneous determination of catechol, hydroquinone, and resorcinol. Sens. Actuat. B Chem. 186, 67–77 (2013).
 62. Abdel-Aziz, A. M., Hassan, H. H., Hassan, A. A. & Badr, I. H. A Sensitive and green method for determination of catechol using 

multi-walled carbon nanotubes/poly (1, 5-diaminonaphthalene) composite film modified glassy carbon electrode. J. Electrochem. 
Soc. 166, B1441–B1451 (2019).

 63. Haque, F., Rahman, M., Ahmed, E., Bakshi, P. & Shaikh, A. A cyclic voltammetric study of the redox reaction of Cu (II) in presence 
of ascorbic acid in different pH media. Dhaka Univ. J. Sci. 61, 161–166 (2013).

 64. Fan, J. et al. Simultaneous detection of hydroquinone and catechol with decreasing pH at a bare glassy carbon electrode surface. 
Anal. Methods 11, 604–609 (2019).

 65. Coroş, M. et al. Graphene-porphyrin composite synthesis through graphite exfoliation: the electrochemical sensing of catechol. 
Sens. Actuat. B Chem. 256, 665–673 (2018).

 66. Guo, Q. et al. Simultaneous determination of catechol and hydroquinone using electrospun carbon nanofibers modified electrode. 
Sens. Actuat. B Chem. 163, 179–185 (2012).

 67. Wang, H. et al. Efficient detection of hazardous catechol and hydroquinone with MOF-rGO modified carbon paste electrode. J. 
Hazard. Mater. 353, 151–157 (2018).

 68. Gao, Z.-Y., Gao, Y.-L., Wang, E., Xu, S.-X. & Chen, W. Electrochemical determination of catechol based on cadmium telluride 
quantum dots/graphene composite film modified electrode. J. Electrochem. Soc. 163, H528–H533 (2016).

 69. Song, Y. et al. Simultaneous electrochemical determination of catechol and hydroquinone in seawater using Co3O4/MWCNTs/
GCE. Mater. Chem. Phys. 234, 217–223 (2019).

 70. Abdel-Aziz, A. M., Hassan, H. H., Hassan, A. A. & Badr, I. H. A sensitive and green method for determination of catechol using 
multi-walled carbon nanotubes/poly (1, 5-diaminonaphthalene) composite film modified glassy carbon electrode. J. Electrochem. 
Soc. 166, B1441 (2019).

 71. Zhou, T., Gao, W., Gao, Y. & Wang, Q. Simultaneous determination of catechol and hydroquinone using non-enzymatic Co3O4@ 
carbon core/shell composites based sensor. J. Electrochem. Soc. 166, B1069 (2019).

 72. Palanisamy, S., Thangavelu, K., Chen, S.-M., Thirumalraj, B. & Liu, X.-H. Preparation and characterization of gold nanoparticles 
decorated on graphene oxide@ polydopamine composite: application for sensitive and low potential detection of catechol. Sens. 
Actuat. B Chem. 233, 298–306 (2016).

 73. Kumar, A. et al. One-pot general synthesis of metalloporphyrins. Tetrahedron Lett. 48, 7287–7290 (2007).

https://doi.org/10.1155/2019/2327064


13

Vol.:(0123456789)

Scientific Reports |         (2021) 11:5044  | https://doi.org/10.1038/s41598-021-84294-7

www.nature.com/scientificreports/

 74. Lindsey, J. S., Schreiman, I. C., Hsu, H. C., Kearney, P. C. & Marguerettaz, A. M. Rothemund and Adler-Longo reactions revisited: 
synthesis of tetraphenylporphyrins under equilibrium conditions. J. Organ. Chem. 52, 827–836 (1987).

 75. Adler, A. D. et al. A simplified synthesis for meso-tetraphenylporphine. J. Organ. Chem. 32, 476–476 (1967).
 76. Karolczak, J., Kowalska, D., Lukaszewicz, A., Maciejewski, A. & Steer, R. P. Photophysical studies of porphyrins and metal-

loporphyrins: accurate measurements of fluorescence spectra and fluorescence quantum yields for Soret band excitation of zinc 
tetraphenylporphyrin. J. Phys. Chem. A 108, 4570–4575 (2004).

 77. Pan, H.-B. & Wai, C. M. Facile sonochemical synthesis of carbon nanotube-supported bimetallic Pt–Rh nanoparticles for room 
temperature hydrogenation of arenes. New J. Chem. 35, 1649–1660 (2011).

 78. Simpson, A. et al. Fabrication characterization and potential applications of carbon nanoparticles in the detection of heavy metal 
ions in aqueous media. Carbon 127, 122–130 (2018).

 79. Elgrishi, N. et al. A practical beginner’s guide to cyclic voltammetry. J. Chem. Educ. 95, 197–206 (2018).

Acknowledgements
This work was supported by Pakistan Science Foundation (PSF/NSFC-Eng/C-NUST (03)).

Author contributions
S.A.B.B. has contributed towards conceptualization, formal analysis, investigation, design of the work and con-
ducted experiments. H.N. has contributed as a corresponding author for this research work i.e. supervised, 
funding acquisition, project administration, review of manuscript etc. L.P. has co-supervised, provided resources, 
and contributed to writing—review and editing. M.T. participated in the experimental work and the repetition 
of studies. M.S. analyzed the data, discussed the results, and reviewed the manuscript. M.S. participated in 
experimentation and formal analysis. F.G. contributed towards analyzing the data and preparation of figures 
and tables. E.S. participated in experiments, characterized the materials, and performed formal analysis. All the 
authors have approved the manuscript version that is submitted.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-021-84294 -7.

Correspondence and requests for materials should be addressed to H.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-84294-7
https://doi.org/10.1038/s41598-021-84294-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Supramolecular assemblies of carbon nanocoils and tetraphenylporphyrin derivatives for sensing of catechol and hydroquinone in aqueous solution
	Results and discussion
	Characterization. 
	Electrochemical impedance spectroscopy (EIS) of the modified electrodes. 
	Electrochemical behavior of modified electrodes towards catechol and hydroquinone. 
	Effect of pH of the solution. 
	Effect of variable scan rate (ʋ). 
	Concentration studies of catechol and hydroquinone using cyclic voltammetry (CV) and differential pulse voltammetry (DPV). 
	Simultaneous detection in binary mixtures of catechol and hydroquinone. 
	Selectivity, repeatability and stability of CNCsZn-TPPGCE modified electrode isomeric interference. 
	Effect of other interferring species. 

	Real sample analysis. 

	Conclusions
	Methodology
	Reagents and instrumentation. 
	Synthesis of 5,10,15,20-tetraphenylporphyrin (TPP). 
	Synthesis of zinc-5,10,15,20-tetraphenylporphyrin (Zn-TPP). 
	Preparation of CNCsZn-TPP nanocomposite. 
	Protocol for electrode preparation. 

	References
	Acknowledgements


