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ABSTRACT 

Electrochemistry, the chapter of chemistry that deals with the relations between 

electrical and chemical phenomena, have an ever-increasing impact on everybody's daily life. 

Out of the myriad applications of electrochemistry, considerable attention has been devoted 

to the fields of electrochemical (EC) sensing in recent decades. The emergence of 

nanotechnology as an indispensable tool for great advancement in science and technology 

has generated great capability of controlling materials at the nanometer scale and has enabled 

exciting opportunities to design materials with desirable electronic, ionic, photonic, and 

mechanical properties. This development has also contributed to developing and fabricating 

new structures and devices for EC sensing applications in recent years. In this scenario, this 

thesis work aims to address the challenges in the fields of EC sensing by the rational design 

of nano-functional materials using graphene quantum dots (GQD) and metal nanoclusters 

(MNC).  

The on-site monitoring of various analyte species in the diversity of fields by EC 

sensor requires considerable improvements in sensitivity, selectivity, and accuracy along 

with its inherently fast, accurate, compact, portable, and cost-effective properties. Herein, we 

are trying to meet the aforementioned needs by developing various nano-functional materials 

based on GQD and MNC. The various steps involved in the study are preparing different 

types of GQD and MNC-based materials, their characterization, developing modified 

electrodes using the prepared materials, studying their EC sensing properties, and examining 

the reasons/mechanisms behind the effective sensing behaviors. 

The sensing capability of nitrogen-doped graphene quantum dots (N-GQDs) was 

explored for the first time towards hazardous heavy metal ions and found to be selectively 

detecting cadmium ions (Cd(II)). Cd(II) is one of the hazardous heavy metal ions in the World 

Health Organization's list of 10 chemicals of major public concern. The aromatic N-GQDs, 

synthesized through a hydrothermal route using a single precursor polyaniline, exhibited a 

25-fold increase in the current response compared to that of a glassy carbon electrode (GCE). 

The LOD value of 1.0 × 10-5 ppb, i.e. in parts per trillion by N-GQDs is the lowest value ever 

reported, which is 3-4 magnitudes lower than the previously reported values. The effective 

N-doping, which is attributed to the synthesis procedure, seems to play a crucial role in the 

sensing performance of N-GQDs, which spontaneously reduces Cd(II), mostly through the 

N-sites (This work was published in RSC New Journal of Chemistry, 2020). A white emissive 

sulfur co-doped nitrogen-graphene quantum dots (S,N-GQDs) was synthesized from 

polyaniline using sulfuric acid as an acid catalyst and S-doping agent. The S,N-GQDs, for 

the first time, exhibited simultaneous sensing towards three of the top ten toxic metal ions: 

Cd(II), Pb(II), and Hg(II), with highly sharp peaks and adequate peak-to-peak separation. 

The limit of detection values of Cd(II), Pb(II), and Hg(II) on S,N-GQD were 1, 10, and 1 pM 

and is the lowest reported hitherto for the simultaneous sensing of the metal ions. The 

enhanced sensitivity and the simultaneous sensing capability of S, N-GQD is assigned to the 

co-doping with S, which enabled the sensing of Pb(II) and Hg(II) through the M(II)-S 

interactions and the enhanced electronic properties, respectively (This work is published in 

ACS, Applied Nano Materials). 



11 
 

Further, a highly stable copper (Cu) nanocluster (NC), which exhibited stability for 

more than one year, was synthesized using N-GQD as reducing and capping agents and 

smaller glutathione molecules as additional capping agents. The synthesized NC, CuNC@N-

GQDs, successfully sensed three neurofunctional molecules, dopamine (DA), serotonin 

(SER), and nicotine (NIC), which are functionally correlated to each other, simultaneously 

with well-defined peaks and good peak-to-peak separation. The limits of detection obtained 

were 0.001, 1.00, and 0.01 nM for DA, SER, and NIC, respectively. The higher sensitivity 

and the simultaneous sensing are indicative of the synergistic effect of CuNCs and N-GQDs 

in the CuNC@N-GQDs (This work was published in RSC Journal of Materials Chemistry B, 

2022). An ultra-stable gold-copper nanocluster on nitrogen-doped graphene quantum dot 

(AuCuNC@N-GQD), with a stability of more than one year, was achieved through a galvanic 

exchange process. The AuCuNC@N-GQD displayed intense solid- and solution-state near-

infrared (NIR) emission. The NC exhibited selective and enhanced glycine (GLY) sensing 

through a (non-enzymatic) EC strategy. The detection limit obtained for GLY was 10 nM, 

which is the lowest in the detection limits reported hitherto. The enhanced and selective 

sensing of AuCuNC@N-GQD towards GLY is assigned to the preferential Au-GLY 

interaction and the improvement in the electronic and conductivity characteristics of the NC 

(This work is under review in ACS, Applied Nano Materials). The EC sensing capability of 

AuCuNC@N-GQD was further extended towards heavy metal ions and observed a highly 

selective sensing property towards Pb(II) with almost nil current response for all other 

interfering metal ions studied. Pb(II) is included in the top ten list of chemicals of major 

public health concern by the World Health Organization, and its prevalent usage in batteries 

and other industries makes the detection of Pb(II) in environmental samples decidedly 

significant. The LOD value obtained was 1 pM, the lowest reported hitherto for Pb(II) by any 

other material. The selective interaction between Au(I) and Pb(II) is attributed to the selective 

sensing of Pb(II) by AuCuNC@N-GQD. (Manuscript under preparation) 

In conclusion, this thesis presents an understanding of, how the logical designing of 

nano-functional materials can meet the needs and conquer the challenges in the EC sensing 

of various analytes. 
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2 to 12. 
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3.3 (A) The DPV responses of Cd (II) on N-GQD/GCE 

from 10-13 to 10-3 M; (B) The LDRs obtained for the 

sensing of Cd(II) on the N-GQD/GCE for the 

concentration range of 10-11 to 10-3 M (0.001 to 

112000 ppb); (C and D) The DPV response of Cd (II) 

on N-GQD/GCE for the concentration range of 10-13 

to 10-9 M; and that of with pre-reduction from 10-15 to 

10-9 M, respectively; (Insets C and D: DPV response 

without pre-reduction and with pre-reduction in 0.1 

M PBS (a) absence of Cd (II) and (b, c) in the 

presence of 0.1 and 1 pM Cd (II), respectively; and 

the DPV response of the N-GQD/GCE in 0.1 M PBS 

(a) in the absence and (b, c) in the presence of 1 and 

10 fM Cd (II), respectively). 
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3.4 (A, B and C) The FTIR, Raman and the XRD 

diffractograms of N-GQD and N-GQD-Cd, 

respectively; (D and E) The XPS (Survey) spectra of 

N-GQDs and N-GQD-Cd, respectively; (F and G) 

The high resolution XPS spectra of the C 1s and N 1s 

of N-GQD; (H, I and J) The Cd 3d, C 1s and N 1s 

high resolution XPS spectra of N-GQD-Cd. 
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3.5 The schematic diagram showing the modification of 

GCE with the N-GQDs and the resultant enhanced 

sensing of Cd(II) in CV 
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3.6 
(A) and (B) CV profiles of the N-GQD/GCE in 0.1 M 

PBS containing 1 mM Cd (II) at various scan rates 

(10-1000 mV/s) without and with pre-reduction 

respectively; (C) and (D) Calibration plots of cathodic 

and anodic peak current Vs. scan rate for without and 

with pre-reduction respectively; (E) and (F) 

Calibration plots of cathodic and anodic peak current 

Vs. square root of scan rate for without and with pre-

reduction respectively. 
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3.7 The Electrochemical impedance spectra of bare GCE, 

GQD/GCE and N-GQD/GCE. 
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3.8 .(A) and (B) The SEM images of the synthesized N-

GQD and N-GQD-Cd respectively; (C)-(F) SEM 

elemental mapping results of N-GQD-Cd revealing 

the distribution of C, Cd, N and O. 
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3.9 (A) and (B) Selectivity studies of N-GQD/GCE 

towards 1 mM Cd (II) in the presence of various 

analyte species with 1 mM concentration for each; (C) 

Interference studies of N-GQD/GCE for the detection 

of 5 and 10 µM Cd (II) in the presence of other metal 

ions in 1 mM concentration; (D) Interference studies 

101 



22 
 

of N-GQD/GCE for the detection of Cd(II) at 1 fM 

concentration in the presence of other metal ions in 1 

mM concentration. 

 
3.10 CV scans obtained for 1mM Cd(II) on N-GQD/GCE 

(A) after immediate washing for three times showing 

the reusability; (B) after 1and 3 months of storage 

showing the stability and (C) The peak current of five 

independently coated electrodes showing 

reproducibility of N-GQD/GCE; The DPV response 

of LOD of Cd(II), 10-13 M on N-GQD/GCE using real 

samples as electrolytes (D) Groundwater as 

electrolyte (a) in the absence and (b) in the presence 

of 10-13 M Cd(II); (E) Seawater samples 1 and 2 as 

electrolyte (a) in the absence and (b) and (c) in the 

presence of 10-13 M Cd(II), respectively; (F) 

Wastewater as electrolyte (a) in the absence and (b) 

in the presence of 10-13 M Cd(II); The DPV response 

of Cd(II) on N-GQD/GCE for the concentration of 10-

6 M (a) in 0.1 M PBS, (b) spiked seawater 1, (c) spiked 

seawater 2, (d) spiked wastewater and (e) spiked 

groundwater 
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4.1 Schematic of the synthesis and a representative 

structure of S,N-GQD 
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4.2 (A) The high-resolution transmission electron 

micrograph of the synthesized S,N-GQD; (B) The 

transmission electron micrograph reveals the d-

spacings; (C) The size distribution of the S,N-GQD 

as obtained from the transmission electron 

micrograph images; (D) and (E) The digital images of 

the photoluminescence of N-GQDs and S,N-GQDs 

under normal light and UV (365 nm) irradiation, 

respectively. (F) The UV-Vis spectrum of S,N-GQD; 

(G The emission spectra of S,N-GQD excited using 

wavelengths from 250 to 540 nm ; (H) and (I) The 

chromaticity index diagram of S,N-GQD, and N-

GQD which shows white and green color emissions, 

respectively. 
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4.3 (A) The FTIR spectra of S,N-GQD, N-GQD, and 

PANI; (B) and (C) The Raman and XRD 

diffractograms of S,N-GQD; (D) The XPS (survey) 

Spectra of S,N-GQD; (E), (F) and (G) The high-

resolution XPS spectra of the C 1s and N 1s and S 2p 

of S,N-GQD. 

 

112 

4.4 Schematic showing the representative structure of 

S,N-GQD 
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4.5 The DPV responses of 1 mM each of Cd(II), Pb(II), 

and Hg(II) in 0.1 M PBS on Bare GCE, PANI/GCE, 

GQD/GCE, N-GQD/GCE and S,N-GQD/GCE 

respectively; (B) The HOMO and LUMO levels and 

bandgaps of N-GQD and S,N-GQD obtained 

experimentally. 
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4.6 (A) , (B), and (C) The DPV responses of Cd(II), Pb(II, 

and Hg(II) in 0.1 M PBS on S,N-GQD/GCE from 10-

12 to 10-3 M each respectively; (D), (E) and (F): The 

LDRs obtained for the sensing of Cd(II), Pb(II and 

Hg(II) on the S,N-GQD/GCE for the concentration 

range of 10-10 to 10-4 M, each; (G), (H) and (I) The 

DPV responses showing of LOD Cd(II), Pb(II and 

Hg(II), as 10-12, 10-11, and 10-12 M. 
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4.7 A), (B), and (C) The simultaneous DPV responses of 

Cd(II), Pb(II), and Hg(II) by varying the 

concentrations from 10-12 to 10-3 M in the presence of 

1 mM concentration of the other two analytes; (D), 

(E), and (F) The corresponding LDR graphs of the 

simultaneous sensing of Cd(II), Pb(II) and Hg(II); 

(G), (H) and (I) The DPV responses of (a) 0.1 M PBS 

and (b) the LODs of Cd(II) (1 pM), Pb(II) (10 pM) 

and Hg(II) (1 pM) in the presence of 1 mM 

concentrations of the other two analytes; (Inset of G, 

H and I) The enlarged images of LODs of Cd(II), 

Pb(II) and Hg(II) respectively.  
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4.8 The DPV responses of Cd(II), Pb(II and Hg(II) on 

S,N-GQD/GCE from 10-12 to 10-3 M; Inset of (4.8.) 

The DPV responses showing LOD values 10-12 M , 

10-11 M and 10-12 M for Cd(II), Pb(II) and Hg(II). 
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4.9 (A), (B) and (C) The XPS (survey) spectra of S,N-

GQD-Cd, S,N-GQD-Pb, and S,N-GQD-Hg, 

respectively 
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4.10 (A), (B) and (C) The high-resolution C 1s XPS 

spectra of S,N-GQD–Cd, S,N-GQD–Pb and S,N-

GQD–Hg respectively; (D), (E) and (F) The high-

resolution S 2p XPS spectra of S,N-GQD–Cd, S,N-

GQD– Pb and S,N-GQD–Hg respectively; (G), (H) 

and (I) The high–resolution S 2p XPS spectra of S,N-

GQD–Cd, S,N-GQD– Pb and S,N-GQD–Hg 

respectively; (J), (K) and (L) The high–resolution Cd 

3d, Pb 4f and Hg 4f XPS spectra of S,N-GQD–Cd, 

S,N-GQD– Pb and S,N-GQD–Hg respectively. 

122 

4.11 Schematic diagram showing the modification of the 

GCE in the three-electrode system with the S,N-

GQD, and the resulting enhanced simultaneous 

sensing of Cd(II), Pb(II), and Hg(II) by DPV 
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4.12 (A) and (B) Selectivity studies of S,N-GQD/GCE 

towards 1 nM Cd(II), Pb(II) and Hg(II)  in the 

presence of various analyte species (1 mM each); (C) 

The peak currents of five independently coated 

electrodes showing the reproducibility of S,N-

GQD/GCE; (D) DPV profiles obtained for Cd(II), 

Pb(II) and Hg(II) (1 mM each) on S,N-GQD/GCE 

showing the stability of the sensor for 30 and 60 days; 

(E) The DPV curves after immediate washing for 

thirty times showing the reusability of the sensor. 
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4.13 (A) The DPV response of 1 nM each of Cd(II), Pb(II), 

and Hg(II) in wastewater, two different seawater 

samples, and groundwater sample, respectively; (B) 

The DPV responses of 1, 2, and 3 nM each of Cd(II), 

Pb(II), and Hg(II) in seawater samples; (C), (D) and 

(E) The DPV responses showing the LOD values of 

10-12, 10-11, and 10-12 M for Cd(II), Pb(II), and Hg(II) 

in the seawater samples. 
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5.1 (A) The UV-Vis spectra of CuNC@N-GQD, N-

GQDs, and GSH; (Inset of A) The enlarged image of 

UV-Vis spectra in the visible region; (B) The UV-Vis 

spectra of CuNC@N-GQD and CuNP@N-GQD; (C 

and D) The emission spectra of CuNC@N-GQD and 

N-GQD excited using wavelengths from 300 to 420 

nm (the excitation wavelengths of each are given in 

the right-hand side of the emission spectrum); (E) The 

digital images of the photoluminescence of N-GQDs 

and CuNC@N-GQDs under normal light and UV 

(365 nm) irradiation. 
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5.2 Schematic of the synthesis and a representative 

structure of CuNC@N-GQD: the first step shows the 

formation of copper thiolate complex from CuSO4. In 

the second step, the copper thiolate complex, N-GQD 

is added, resulting in the formation of CuNC@N-

GQD. 
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5.3 (A)  The digital images of the emissions of the 

CuNC@N-GQDs before (a and c) and after ~ 1 year 

of storage (b and d) under normal light (a and b) and 

at UV (365 nm) irradiation (c and d); (B) The UV-

Vis spectra of CuNC@N-GQD; (C) and (D) The 

emission spectra of CuNC@N-GQD from 300 nm to 

420 nm excitations; before and the after ~ 1 year of 

storage, respectively. 
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5.4 
(A) The The high-resolution transmission electron 

micrograph of the synthesized CuNC@N-GQD; (B) 

The transmission electron micrograph reveals the d-

spacings; (C) The size distribution of the CuNC@N-

GQD as obtained from the transmission electron 

micrograph images; (D) The electrospray ionization 

mass spectrometry time-flight mass spectra of N-

GQDs; (E) The electrospray ionization mass 

spectrometry time-flight mass spectra of CuNC@N-

GQD; (F) and (G) Expanded negative mode 

electrospray ionization mass spectrometry time-flight 

mass spectra of N-GQDs and CuNC@N-GQD in m/z 

485 and 1675, respectively showing (a) experimental 
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spectrum (red trace) is in good agreement with (b) the 

calculated mass spectrum (black trace); (H) Expanded 

negative mode electrospray ionization mass 

spectrometry time-flight mass spectra of CuNC@N-

GQD in m/z 672, showing (a) the calculated mass 

spectrum (black trace) is in good agreement with (b) 

experimental spectrum (green trace); (I) The possible 

structure of CuNC@N-GQD. 

 
5.5 (A) Survey X-ray photoelectron spectrum of 

CuNC@N-GQD; (B, C, D, and E) high-resolution X-

ray photoelectron spectra of the C 1s, N 1s, Cu 2p, 

and O 1s, with the experimental results (black traces) 

and their related curve-fitted components (other 

coloured traces), of CuNC@N-GQD  
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5.6 (A) The DPV responses of 1 mM each of DA, SER 

and NIC in 0.1 M PBS on Bare GCE, CuNC@N-

GQD/GCE, N-GQDs/GCE and CuNC@AA 

respectively; (B) The DPV responses of DA, SER and 

NIC on CuNC@N-GQD/GCE from 10-12 to 10-3 M. 
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5.7 (A, B, and C) The DPV responses of DA, SER and 

NIC in 0.1 M PBS on CuNC@N-GQD/GCE from 10-

12 to 10-5 M, 10-9 to 10-5 M and 10-11 to 10-5 M 

respectively; (D, E, and F) The linear dynamic ranges 

obtained for the sensing of DA, SER and NIC on the 

CuNC@N-GQD/GCE for the concentration range of 

10-12 to 10-6 M, 10-9 to 10-6 M and 10-11 to 10-6 M 

respectively; (G) The DPV response in 0.1 M PBS on 

CuNC@N-GQD/GCE (a) absence of DA and (b, c 

and d) in the presence of 0.1, 1 and 10 pM DA, 

respectively; (H) The DPV response in 0.1 M PBS on 

CuNC@N-GQD/GCE (a) absence of SER and (b, c 

and d) in the presence of 0.1, 1 and 10 nM SER, 

respectively; (I) The DPV response in 0.1 M PBS on 

CuNC@N-GQD/GCE (a) absence of NIC and (b, c 

and d) in the presence of 1, 10 and 100 pM NIC, 

respectively. 
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5.8 (A, B, and C) The simultaneous DPV responses of 

DA, SER, and NIC respectively by varying the 
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concentrations from 10-12 to 10-3 M in the presence of 

1 mM concentration of the other two analytes; (D, E, 

and F) The corresponding linear dynamic range  

graphs of the simultaneous sensing of DA, SER, and 

NIC; (G, H and I) The DPV responses of the limit of 

detection values of DA (1 pM), SER (I nM) and NIC 

(10 pM) in the presence of 1 mM concentrations of 

the other two analytes; (Inset of G, H and I) The 

enlarged images of the limit of detections of DA, 

SER, and NIC. 

 
5.9 The schematic diagram showing the modification of 

GCE with the CuNC@N-GQD and the resultant 

enhanced sensing of DA, SER and NIC;  (ii) The 

oxidation mechanisms of DA, SER and NIC on 

CuNC@N-GQD/GCE; (iii) A diagrammatic 

representation of the enhanced release of DA and 

SER in brain during NIC intake; (iv) A flowchart 

diagram showing the fuctional correlation between 

DA,SER and NIC; (v) The interactions among 

CuNC@N-GQD and the analytes DA, SER, NIC, EP 

and NEP based on the structural and functional 

features.   
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5.10 (A) and (B) Selectivity studies of CuNC@N-

GQD/GCE towards DA (100 nM), SER (10 M), and 

NIC (10 M)  in the presence of various analyte 

species (1 mM each); (C) Differential  pulse 

voltammetry profiles obtained for DA, SER and NIC 

(1 mM each) on CuNC@N-GQD/GCE showing the 

stability of the sensor for 3 months and 6 months; (D) 

The peak currents of five independently coated 

electrodes showing the reproducibility of CuNC@N-

GQD/GCE; (E) The DPV curves after immediate 

washing for twenty times showing the reusability of 

the sensor. 
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5.11 The DPV responses of (a) 0.1 M PBS, (b) 0.5 M, (c) 

1 M and (d) 2 M each of DA, SER and NIC (A, C 

and E) in blood, and (B, D and F) in urine 

respectively; The DPV responses of (a) 0.1 M PBS, 

(b) 0.5 M, (c) 1 M and (d) 2 M of DA, SER and 

NIC simultaneously in (G) blood and (H) urine 

respectively 
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6.1 (A and B) The HR-TEM images of the AuCuNC@N-

GQD and the corresponding d-spacings; (C) 

Histogram of the AuCuNC@N-GQD from the TEM 

images; (D) The UV-Vis spectra of AuCuNC@N-

GQD, and CuNC@N-GQD; (Inset of D) The 

enlarged image of UV-Vis spectra in the visible 

region; (E) The emission spectra of AuCuNC@N-

GQD, and CuNC@N-GQD; (F) The digital images of 

the photoluminescence of the CuNC@N-GQD and 

AuCuNC@N-GQD under normal  ( a and b) and 

short-UV (365 nm) ( c and d)  irradiation , the solid-

state emissions of AuCuNC@N-GQD under normal 

light (e) and short-UV (365 nm) (f), and the emission 

characteristics of AuCuNC@N-GQD on GCE under 

normal light (g) and short-UV (365 nm) (h) 

respectively.  
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6.2 (A) The UV-Vis spectra of AuCuNC@N-GQD 

before and after ~1 year of storage; (B) The emission 

spectra of AuCuNC@N-GQD before and after ~1 

year of storage; inset of (2A and 2B) The digital 

images of AuCuNC@N-GQD under visible and short 

UV (365 nm) after ~1 year of storage respectively. 
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6.3 (A) MS-ESI-TOF mass spectra of AuCuNC@N-

GQD; Expanded negative mode MS-ESI-TOF of 

AuCuNC@N-GQD in m/z 2199 showing (B) 

experimental spectrum (red trace) is in good 
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agreement with (C) the calculated mass spectrum 

(black trace) 

 
6.4 Schematic of the synthesis of AuCuNC@N-GQD 

from CuNC@N-GQD by the addition of AuCl3/H2O 

and the illustration of the formation of yellow 

emissive AuCuNC@N-GQD from the green emissive 

CuNC@N-GQD 
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6.5 (A) The XPS survey spectra of AuCuNC@N-GQD 

and CuNC@N-GQD; (B, C, and D) The high-

resolution XPS C 1s, Au 4f, and Cu 2p spectra of the 

AuCuNC@N-GQD 
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6.6 (A) The DPV responses of 1 mM GLY alone as well 

as 1 mM each of DA, GLY and HIS simultaneously 

in 0.1 M NaOH; (B) The DPV responses of of GLY 

(1 mM in 0.1 M NaOH) on unmodified GCE, N-

GQD/GCE, CuNC@N-GQD/GCE, AuCuNC/GCE 

and AuCuNC@N-GQD/GCE, respectively; (C) EIS 

plots of bare GCE, AuCuNC/GCE and AuCuNC@N-

GQD/GCE (D) The DPV responses of GLY on 

AuCuNC@N-GQD/GCE from 10-8 to 10-3 M; (E) 

The corresponding LDR graph obtained; (F) The 

DPV response in 0.1 M NaOH on AuCuNC@N-

GQD/GCE in the absence of GLY and in the presence 

of 1 and 10 nM GLY respectively. 
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6.7 (A) and (B) Selectivity studies of AuCuNC@N-

GQD/GCE towards GLY (1M) in the presence of 

various analyte species (1 mM each);  (C) The HOMO 

and LUMO levels and bandgaps of AuCuNC@N-

GQD, CuNC@N-GQD and AuNC@N-GQD 

obtained experimentally; (D) The CV profiles of the 

AuCuNC@N-GQD/GCE in 0.1 M NaOH containing 

1 mM Gly at various scan rates (10–100 mV s-1); (E) 

and (F) The Calibration plots of the anodic peak 

current vs. the scan rate and the anodic peak current 

vs. the square-root of the scan rate, respectively. 
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6.8 The schematic diagram shows the dual-sensing 

capability of AuCuNC@N-GQD through EC 

sensing pathway 
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6.9 (A) The DPV curves after immediate washing for 

three times showing the reusability of the sensor; (B) 

The peak currents of five independently coated 

electrodes showing the reproducibility of 

AuCuNC@N-GQD/GCE; (C) DPV profiles obtained 

for GLY (1 mM) on AuCuNC@N-GQD/GCE 

showing the stability of the sensor for 1 month and 2 

months. 
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6.10 The DPV responses of 0.5, 1, and 2 M of GLY in 

blood samples. 

 

172 

7.1 Schematic of the synthesis of AuCuNC@N-GQD 

from the CuNC@N-GQD 

 

178 

7.2 The DPV responses of 1 mM each of Pb(II) in 0.1 M 

NaOH on Bare GCE, N-GQD/GCE, AuNC/GCE, 

CuNC@N-GQD/GCE, AuNC@N-GQD/GCE, and 

AuCuNC@N-GQD/GCE; (B) The HOMO and 

LUMO levels and bandgaps of AuCuNC@N-GQD, 

CuNC@N-GQD and AuNC@N-GQD obtained 

experimentally; (C) Electrochemical impedance 

spectra of bare GCE, CuNC@N-GQD, AuCuNC@N-

GQD and AuNC@N-GQD; (D) The DPV responses 

of Pb(II) in 0.1 M NaOH on AuCuNC@N-GQD/GCE 

for the concentration range of 10-12 to 10-3 M; (E) The 

linear dynamic ranges obtained for the concentration 

range of 10-12 to 10-3 M; (F) The DPV responses 

showing the LOD of Pb(II) as 10-12 M.  
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7.3 The XPS (survey) spectra of AuCuNC@N-GQD and 

AuCuNC@N-GQD–Pb; (B) The high-resolution Au 

4f peaks in AuCuNC@N-GQD and AuCuNC@N-

GQD–Pb; (C) The high-resolution Pb 4f peaks in 

AuCuNC@N-GQD–Pb. 
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7.4 Schematic diagram showing the modification of the 

GCE with the AuCuNC@N-GQD and the resulting 

enhanced EC sensing of Pb(II) by DPV 

 

183 
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7.5 (A) and (B) Selectivity studies of AuCuNC@N-

GQD/GCE towards 1 nM of Pb(II) in the presence 

106x concentration of various analyte species; (C) 

Interference studies of AuCuNC@N-GQD/GCE for 

the detection of 1 nM of Pb(II) in the presence of other 

metal ions of 106x concentration each by 

chronoamperometry; (D) The DPV curves after 

immediate washing for 50 cycles showing the 

reusability of the sensor; (E) The peak currents of five 

independently coated electrodes showing the 

reproducibility of AuCuNC@N-GQD/GCE; (F) The 

DPV profiles obtained for Pb(II) (1 mM) on 

AuCuNC@N-GQD/GCE showing the stability of the 

sensor for 1, 3 months and 6 months. 
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7.6 The DPV responses of 1 nM of Pb(II) in waste water, 

ground water, and sea water. 

 

186 

8.1 The schematic representation showing the relation 

among the developed systems N-GQD, S,N-GQD, 

CuNC@N-GQD, and AuCuNC@N-GQD and the 

analytes sensed with corresponding LOD values. 
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ABBREVATIONS 

 

AA      Ascorbic acid 

Ach      Acetylcholine 

CE      Counter electrode 

CA           Catechol/ caffeine 

Cd(II)      Cadmium II ion 

DA      Dopamine 

DNP      2,4-dinitrophenol 

DNT      2,4 dinitrotoluene 

DPV      Differential pulse voltammetry 

EC      Electrochemical 

EIS                Electrochemical impedance spectroscopy 

ESI      Electron Spray Ionisation 

EPA      Environmental Protection Agency 

eV      Electron volt 

EP      Epinephrine 

FESEM     Field emission scanning electron microscope 

FTIR      Fourier transform infra-red 

GCE      Glassy carbon electrode 

GLY      Glycine 

GQD      Graphene quantum dots 

Gr      Graphene 

GSH     Glutathione 

Hg(II)      Mercury (II) 

HRTEM         High resolution transmission  

electron microscopy 

HIS      Histidine 

LDR      Linear dynamic range 
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LSV      Linear - sweep voltammetry 

A      microampere 

ºC      Degree Celsius 

L      microliter 

M      micromolar 

2D      Two - dimensional 

M      Molar 

mAhg-1     milliampere hour per gram 

mg      milligram 

min      Minutes 

mL      milliliter 

mm      millimeter 

mM      millimolar 

MNC      Metal nano cluster 

mV      millivolt 

NC      Nano cluster 

nM      nanomolar 

nm      nanometer 

NIC      Nicotine 

NMP      N-methyl pyrrolidone 

DNP      2-nitrophenol 

NP     nanoparticle 

NEP      Norepinephrine 

Pb(II)      Lead (II) ion 

PBS       Phosphate buffer solution 

ppb      parts per billion 

ppm      parts per million 

pM      picomolar 

ppt      parts per trillion 
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Pt      Platinum 

ppq      parts per quadrillion 

1D      One dimensional 

RE      Reference Electrode and Resorcinol 

rGO      Reduced graphene oxide 

RT      Room Temperature 

%RSD     Relative standard deviations 

SWCNT     single-walled carbon nanotubes 

S/N      Signal-to-noise 

SA      Surface Area 

SER      Serotonin 

TNP      2,4,6-trinitrophenol 

UA      Uric Acid 

UV      Ultra – violet 

WE      Working electrode 

XPS      X-ray photoelectron spectroscopy 

XRD      X-ray diffraction 

0D      Zero dimensional 
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NOTATIONS 

Cox    Concentration of the oxidized species 

Cred     Concentration of the reduced species 

E     Potential 

Eo     Standard potential of the redox couple 

Ep     Peak potential 

Epa     Anodic peak potentials 

Epc     Cathodic peak potential 

F     Faraday’s constant; 

i     Current 

Ip     Peak current 

ipa     Anodic peak current 

ipc     Cathodic peak current 

ks     Heterogeneous electron transfer rate constant 

n     Number of electrons transferred 

R     Universal gas constant 

RS     Solution resistance 

T     Temperature (K) 

t               Time 

ʋ     Scan rate 

α     Charge transfer coefficient 

ΔEp     Peak potential separation 
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NOMENCLATURE 

 

Ag/AgCl    Silver/Silver chloride 

AgNO3    Silver nitrate 

AuCl3     Gold chloride 

CdCl2     Cadmium chloride 

Co(NO3)2    Cobalt(II) nitrate 

CuSO4    Copper(II) sulfate 

FeCl2     Ferrous chloride 

FeCl3     Ferric chloride 

H2O2     Hydrogen peroxide 

H2SO4     Sulphuric acid 

HAuCl4    Hydrogen tetrachloroaurate (III) 

HCl     Hydrochloric acid 

Hg/Hg2Cl2    Mercury/Mercuric chloride 

Hg2Cl2    Mercury(II) chloride 

HNO3     Nitric acid 

K2Cr2O7    Potassium dichromate 

NaOH    Sodium hydroxide 

NiSO4     Nickel(II) sulfate 

PbNO3    Lead(II) nitrate 

S     Sulfur 

Si     Silicon 
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SnCl2     Stannous chloride 

SnCl4     Stannic chloride 

Zn(NO3)2    Zinc nitrate 

-COOH    Carboxylic acid group 

-OH     Hydroxyl group 

-C=O     Carbonyl group 

-NO2     Nitro group 

-NH2     Amino group 

-C-O-C    Ether group 
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CHAPTER 1 

 

INTRODUCTION 

 

  This chapter briefs on sensors and the fundamental aspects of electrochemical (EC) 

sensors and various EC sensing methods such as voltammetric, amperometric, 

potentiometric, and electrode processes. On material front, the chapter provides a state-of-

the-art literature survey on graphene quantum dot (GQD) and metal nanocluster (MNC) 

based materials in EC sensing and the properties of GQD and MNC. Finally, the chapter 

briefs about the motivation of our research work, research problem, objectives, and the 

expected outcomes of the proposed work. In addition, the outline of the thesis and a brief 

introduction of each chapter are provided at the end of the chapter. 

1.1 Sensors 

The capacity of humans to interact with the environment depends mainly on the depth 

of knowledge acquired about the processes (either human-induced or natural) that occur in 

the real world. Though the physical senses help humans understand and comprehend the 

environment, it is highly limited, and there exist many situations in various fields of 

technology that demand better sensing capability. By using a sensor, which is a device that 

receives signals and responds to a signal or stimulus for better understanding of the 

surrounding. That is, a sensor can be any technical component that independently detects 

certain physical or chemical variables and properties in the environment or of living and non-

living things. An essential property of sensors is the conversion of the measured data into 

signals or visual displays that a human or an electronic device can meaningfully interpret. 

Sensors have peneterated in all walks of our life such as in our offices, gardens, shopping 

malls, homes, cars, toys which make our lives safer, easier and more comfortable, and helps 

us tackle many day-to-day chores with ease. Nowadays sensors are widely applied in medical 

devices for detecting patient’s vital signs, including ECG, peripheral oxygen saturation, 

blood pressure, respiration, temperature, and blood glucose level(Karimi-maleh, Karimi, and 

Alizadeh 2020). Vital roles are played by sensors in modern military applications such as 
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flight controls, weaponry controls, indicators, communications, and battlefield surveillance 

systems. Sensors are found in various security systems, for instance, explosives detection 

systems, chemical warfare, crime detection systems, intrusion detection systems and civil 

establishments to mention a few. 

  

1.2 Voyage of Sensors; antiquity to contemporary 

The evidence of construction of various types of sensors can be traced back to the 

histories. Philo of Byzantium constructed a device in the third century BC that could show 

air's expansion and contraction in response to temperature changes. In the 17th century, the 

Italian astronomer and physicist Galileo Galilei built the first version of the glass 

thermometer, a 'thermoscope.' In 1938, Arthur Ruge and Edward Simmons created the first 

variable strain gauge used on electronic scales. This particular type of transducer converts 

mechanical force, such as stretching or compressing, into changes in electrical resistance. 

World War II saw the development of technologies, including radio frequency identification 

transponders and the forerunners of radio frequency identification chips(Simões and Xavier 

2017). History has shown that materials science and engineering advancements have been 

essential drivers in developing sensor technologies. Ongoing developments in materials 

technology will permit better control of material properties and behavior, thereby offering 

possibilities for new sensors with advanced features, such as greater fidelity, lower cost, and 

enhanced efficiency. Recent advances in sensor technologies have been powered by high-

speed and low-cost electronic circuits, novel signal processing methods, and advanced 

manufacturing technologies.  

The sensor technologies have changed a lot in the last decade in terms of compactness, 

smartness and sensitivity and are embedded in all modern computing and navigation devices 

in compact forms and today a smartphone carries around 22 sensors on average. The 

traditional sensors such as photosensors, optical sensors, capacitive sensors and almost all 

sensors have been replaced by their integrated circuit forms such as microelectromechanical 

system (MEMS). The technologies of sensors have further advanced and has become smart 

sensors and are seen in smart watches, smart gadgets or in advanced applications such as self-

driving cars where hundreds of smart sensors are involved for seamless and smooth driving 

in driver-less cars. The same can also be seen in robotics, medical diagnosis, brain–computer 
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interface and many more, where artificial intelligence has empowered the sensors with 

intelligence and smartness for emerging and modern applications such as industry, healthcare 

and sophisticated automation(Brett and Oliveira-brett 2011). 

1.3 Classification of Sensors 

The world of sensors is immensely explored these days because of their ability to 

make our day-to-day life much more accessible. A sensor has many forms of input properties 

and electrical output properties. All the sensors are categorized on the basis of their uses, 

applications, material used and some production technologies. A few classifications of 

sensors are as follows,  

• The first classification of the sensors is divided into active and passive. Active sensors require 

an external excitation signal or a power signal. On the other hand, passive sensors do not 

require any external power signal and directly generate output response. 

• The second type of classification is based on the means of detection used in the sensor. Some 

of the means of detection are Electric, Biological, Chemical, Radioactive, etc. 

• The following classification is based on the conversion phenomenon, i.e., the input and the 

output. Some common conversion phenomena are Photoelectric, Thermoelectric, 

Electrochemical, Electromagnetic, Thermo-optic, etc. 

• The final classification of the sensors is analog and digital sensors. Analog sensors produce 

an analog output, i.e., a continuous output signal concerning measured quantity. Digital 

sensors, in contrast to analog sensors, work with discrete or digital data. 

 

1.4 Electrochemical Sensors 

Electrochemical (EC) sensors represent the most rapidly growing class of chemical 

sensors. A chemical sensor is a device that provides a certain type of response directly related 

to the quantity of a specific species through a chemical reaction which leads to its qualitative 

and quantitative determination. A useful definition of a chemical sensor is that device that 

transforms chemical information (presence of a particular element or ion, concentration, 

chemical activity, etc.) into an analytically useful signal. All chemical sensors consist of two 

parts, a chemically selective layer (where the selective chemistry takes place), which isolates 
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the response of the analyte from its immediate environment, and a transducer, which 

transforms the response into a detectable signal using modern instrumentation. Depending on 

the transducer type, Chemical sensors can be categorized into EC, optical, mass, or thermal 

sensors and are designed to detect and respond to an analyte in the gaseous, liquid, or solid-

state (Stradiotto et al., 2003). The schematic showing the working principle and operation of 

an EC sensor is given in Figure 1.1. 

 

Figure 1.1. Schematic representation of an EC sensor, its working principle, and operation. 

Historically, the use of electrochemical sensors began in the 1950s by monitoring 

industrial oxygen (Islam et al., 2010). Labor laws related to the health and safety of the 

workers required the monitoring of toxic gases and fuels in confined spaces, prompting a 

burst of research into electrochemical sensors that could exhibit good selectivity for the 

detection of different gases. Leland C. Clark proposed the oxygen sensor concept using two 

electrodes of a cell with an oxygen-permeable membrane separating the electrodes and the 

electrolyte solution. The oxygen diffused through the membrane and was reduced in the 

indicator electrode. This resulted in a current proportional to the oxygen concentration in the 

sample. The Clark oxygen sensor found wide application in medicine and environmental and 

industrial monitoring by developing the first glucose oxidase enzyme electrode in 1962. The 

glucose electrode was the first EC biosensor developed and was a real breakthrough in 

sensors and medical sciences. The first commercial glucose meters were available by the 

1970s and have become the gold standard of the biosensor field. One of electrochemistry's 

greatest sensor achievements is the point-of-care monitoring of glucose which helps diabetic 

people who constitute ∼5% of the world's population. This global, multi-billion-dollar market 

is based on modified disposable electrodes(Kadara and Tothill 2008). The extreme interest 

of researchers on efficient sensors and electrodes can be understandable from the current 

literature bloom in this area. A recent report on the comparison among the EC activity of 
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screen-printed electrodes from Alderon Biosciences, University of Florence and DropSens 

where it was observed that the electrodes from DropSens exhibited the best electrochemical 

performance(Kadara, Jenkinson, and Banks 2009). The manufacturing of disposable one shot 

usage strips are attractive due to the low cost, ability to mass produce, reproducibility and 

simplicity. Though intense research exists in the design and development of new reusable 

electrodes which can make the system much simpler and more cost effective. 

Electrochemistry has become a powerful tool to probe reactions involving electron 

transfers (Kaifer & GómezKaifer, 1999). Electrochemistry relates the flow of electrons to 

chemical changes. For instance, in inorganic chemistry, the resulting chemical change is often 

the oxidation or reduction of a metal complex. EC sensors' attractive features, including 

remarkable sensitivity, experimental and instrumentation simplicity, portability, and low 

cost, make the EC sensors a potential candidate among other sensors such as optical, mass, 

and thermal (Stradiotto et al., 2003). The commercialization of the developed sensors become 

a necessity concerning the vast range of applicability in important fields such as clinical, 

industrial, environmental, and agricultural, which further demands considerable 

improvements in sensitivity, selectivity, and accuracy to meet the future needs in diverse 

fields (Faridbod et al., 2011).  

So as a summary, the supremacy of EC sensing methods is owing to its: 

• Experimental simplicity  

• Portability 

• Fast analysis 

• Cost-effectiveness  

• Low power consumption 

• Lower detection limits 

• Good selectivity and reproducibility 

• Suitability for label-free detection  
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1.4.1 Electrochemical Methods 

The signal from an EC sensor is usually derived from an electrical response given in 

the presence of an analyte. EC responses monitored by different methods are primarily based 

on potential, resistance, and electrical current. Thus, classification among the EC methods 

includes (see Figure 1.2), 

 

Figure 1.2. A schematic representation of the EC methods with their subdivisions 

• The Interfacial methods are methods that respond directly or indirectly to the presence of the 

analyte on the electrode surface, resulting in a disturbance of an electric signal that can be 

measured. The interfacial methods can be further divided into two main groups: static and 

dynamic. The static methods are defined as those in which the electric current is zero (i = 0). 

In contrast, the dynamic methods include redox reactions, where electron transfer occurs 

between the electrode and the analyte. Therefore, the surface of the electrode receives an 

electric stimulus with a nonzero current (i ≠ 0). 

• The non-interfacial method is based essentially on a cell of known size, with two equidistant 

electrodes that measure the electrical conductance (essentially, the resistance) of a solution 

as a whole. When applying an alternating current signal, there is no electrode polarization, 

and the response is given in terms of the electric resistance of the solution as a function of 

the cell constant, which is based on the surface area of the electrodes, their spacing, and the 

solution volume in the electrochemical cell. 

• Potentiometry is a static interfacial method based on measuring the potential of an EC cell. 

The measuring setup contains two electrodes, an indicator electrode (measuring electrode) 
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and a reference electrode, which, when placed in a solution together, produce a certain 

potential. Potentiometric sensors are those in which a local equilibrium is established at the 

sensor interface, where either the electrode or membrane potential is measured, and 

information about the composition/concentration of the sample(s) in the solution is obtained 

from the potential difference between the two electrodes. 

• The voltammetric methods are, also known as potential sweep methods, consist of the 

application of a potential varying continuously with time on a working electrode, which leads 

to the occurrence of oxidation or reduction reactions of electroactive species in the solution, 

in accordance with the adsorption of species with the potential and a capacitive current due 

to the electrical double layer. The observed current is proportional to the electroactive species' 

concentration. The amperometric sensor is a special case of a voltammetric sensor in which 

the current is measured at a fixed operating potential. It measures the current flowing through 

the working electrode as a function of time as a constant potential is applied to the working 

electrode. 

• Conductometry is a non-interfacial method, as it is based essentially on a cell of known size, 

with two equidistant electrodes that measure the electrical conductance of a solution as a 

whole. When applying an alternating current signal, there is no electrode polarization, and 

the response is given in terms of the electric resistance of the solution as a function of the cell 

constant, which is based on the surface area of the electrodes, their spacing, and the solution 

volume in the electrochemical cell. 

We have majorly utilized voltammetric methods for sensing purposes in our work. 

Hence, a detailed view of the voltammetric methods and their general advantages are 

described comprehensively in the forthcoming sections. 

1.4.2  Voltammetric sensors 

As discussed in the previous section, voltammetric sensors are those in which the 

information about an analyte is obtained by measuring the current response as a function of 

the applied potential. To be more precise, all the voltammetric techniques involve the 

application of a potential (E) to an electrode in a varying manner from one preset value to 

another and then the resulting current (i) flowing through the EC cell is recorded and is 

monitored over a period of time (t). Thus, all the voltammetric techniques can be described 
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as function of E, i, and t. If this potential (or range) is conveniently chosen, it will force the 

electroactive species at the electrode surface to undergo either oxidation or reduction 

electrochemically and in turn, results in a current response proportional to the concentration, 

based on the conditions. The analytical advantages of the various voltammetric techniques 

include excellent sensitivity with a very large useful linear concentration range for both 

inorganic and organic species (10–12 to 10–1 M), a large number of useful solvents and 

electrolytes, a wide range of temperatures, rapid analysis times (seconds), simultaneous 

determination of several analytes, the ability to determine kinetic and mechanistic 

parameters, a well-developed theory and thus the ability to reasonably estimate the values of 

unknown parameters, and the ease with which different potential waveforms can be generated 

and small currents measured (Kounaves, 1997). The general uses of voltammetric techniques, 

to list a few, are,  

• Quantitative determination of organic and inorganic compounds in aqueous and 

nonaqueous solutions 

• Fundamental studies of oxidation and reduction processes in various media 

• Determination of adsorption processes on surfaces 

• Determination of electron transfer and reaction mechanisms 

• Measurement of kinetic rates and constants 

• Determination of thermodynamic properties of solvated species 

The basic instrumentation of a voltammetric sensor comprises a controlled-potential 

equipment called the potentiostat and an EC cell that requires minimum two electrodes: WE 

and CE, immersed in a suitable electrolyte. The WE, which makes contact with the analyte, 

must apply the desired potential in a controlled way and facilitate the transfer of charge to 

and from the analyte resulting from the oxidation or reduction processes, and a second 

electrode, counter electrode (CE) which acts as the other half of the cell must have a known 

potential with which to gauge the potential of the WE; furthermore, it must balance the charge 

added or removed by the WE. However, it is challenging for an electrode to maintain a 

constant potential while passing current to counter redox events at the WE. Therefore, a better 

arrangement involves the use of a three-electrode system, where the roles of supplying 

electrons and providing a reference potential are divided between two separate electrodes, 

referred to as the CE and the RE, respectively, because it is necessary to avoid the passage of 
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current through the RE, which otherwise would alter its potential via changes in the activities 

of various electroactive species. So, a typical EC cell consists of the analyte sample dissolved 

in a solvent, an ionic electrolyte, in contact with the three electrodes: the RE, WE, and the 

CE (or secondary or auxiliary electrode). While the WE is the electrode at which the reaction 

of interest occurs, the RE (e.g., Ag/AgCl, Hg/Hg2Cl2) provides a stable potential with respect 

to the WE. An inert conducting material (e.g., platinum (Pt), graphite) is usually used as the 

CE/auxiliary electrode. While the applied potential is measured against the RE, the CE closes 

the electrical circuit for the current to flow. A potentiostat performs the experiments that 

effectively control the voltage between the RE and WE while measuring the current through 

the CE (the WE are connected to the ground). A supporting electrolyte is required in the 

controlled-potential experiments to eliminate electromigration effects, decrease the resistance 

of the solution and maintain the ionic strength constant (Stradiottoet al., 2003). 

 

Figure 1.3. The basic instrumental set up of a voltammetric experiment: 

the three-electrode system 

❖ Working electrode (WE) 
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The WE is the one on which the reaction of interest is occurring and often can be of 

inert metals such as gold, silver or Pt; carbon materials such as glassy carbon (GC), pyrolytic 

carbon or carbon paste; and mercury drop. The most widely used WE substrate is the GC 

which is an electrically conductive and gas impermeable material and is obtainable in pure 

state (Sindhu & Girish Kumar, 2011), because of its cited advantages such as, (i) high 

resistance to chemical attack (ii) low cost (iii) easy pre-treatment by polishing with 

metallographic paper (iii) larger overpotential for production of hydrogen and dissolved 

oxygen and (iv) increased reversibility for several redox couples and reactions that involve 

subsequent proton transfer.  

❖ Reference electrode (RE) 

A RE is the one with a fixed electrode potential value which is not varied with the external 

potential applied in the WE and must be insensitive to the composition of the analyte solution. 

The commonly used REs are, Silver-silver chloride electrode, Calomel electrode, to name a 

few. 

❖ Counter electrode (CE) 

The role of the CE is to supply the current required by the WE, without limiting the measured 

response of the cell. In voltammetric sensors, the current flows between the WE and the CE. 

The key condition for an electrode to act as a CE is that it should not dissolve in the medium 

of the EC cell and the reaction product at the CE should not react at the WE. It should have 

a large area compared to that of the WE to ensure that the area of the electrode does not 

control the limiting current. Most often the CE consists of a thin Pt wire or thin foil, although 

Au or graphite can be used. 

❖ Supporting electrolyte 

The supporting electrolyte is an inert soluble ionic salt added to the solvent; generally, in 10-

fold or 100- fold excess over the concentration of the species being studied. Inert in the sense, 

the ability to avoid oxidation or reduction at the RE during the course of the EC 

measurements. The main function of the supporting electrolyte is that it carries most of the 

ionic current of the cell since its concentration is much larger than that of the other species in 

solution. Thus, it serves to complete the circuit of the EC cell and keep the cell resistance to 

a low value (Laina & Girish Kumar, 2013) 
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1.4.3 Faradaic and non-Faradaic Electrode Processes 

Two types of processes occur at electrodes: One type involves a direct transfer of 

electrons via an oxidation reaction at one electrode and a reduction reaction at the other. Since 

such reactions are governed by Faraday's first law (i.e., the amount of chemical reaction 

caused by the flow of current is proportional to the amount of electricity passed), and are 

called Faradaic processes. Electrodes at which Faradaic processes occur are sometimes called 

the charge transfer electrodes. For a thermodynamically controlled reversible process the 

applied potential (E) of the electrode is given by the well-known Nernst equation, Eq. (1.1), 

𝐸 = 𝐸° +
2.303𝑅𝑇

𝑛𝐹
𝑙𝑜𝑔

𝐶𝑂

𝐶𝑅
            (1.1) 

Where E° is the standard potential of the redox couple; R - universal gas constant; T - 

temperature (K); n - number of electrons transferred; F – Faraday's constant, which represents 

the amount of electric charge carried by one mole of electrons, i.e., Avogadro's number x 

charge of an electron; CO is the concentration of the oxidized species; CR is the concentration 

of the reduced species. 

Under certain conditions, a range of voltages may be applied to a cell that does not 

produce Faradaic processes at one or both of the electrodes. Faradaic processes may be 

prevented either because electrons do not have sufficient energy to pass over the potential 

energy barrier at the electrode-solution interface (thermodynamic reasons) or because the 

electron-transfer reaction is not fast enough on the time scale of the experiment (kinetic 

reasons). However, the processes such as adsorption and desorption can occur, and the 

structure of the electrode-solution interface can change with changing potential or solution 

composition. These processes are called non-Faradaic processes. Under these circumstances, 

conduction of continuous alternating currents can still take place. With such currents, reversal 

of the charge relationship occurs with each half-cycle as first negative and then positive ions 

are attracted alternately to the electrode surface. Electrical energy from the external voltage 

source is consumed and converted to heat by friction associated with the motion of ions. In 

other terms, when the voltage changes, the ions in the double layer have to rearrange and 
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adjust to the new potential, and this rearrangement requires energy. Thus, each electrode 

surface behaves as a plate of a capacitor, whose capacitance is large (several hundred to 

several thousand microfarads per square centimeter). The capacitive current increases with 

frequency and with electrode area; by controlling these variables, it is possible to adjust 

conditions so that essentially all of the alternating current in a cell is carried across the 

electrode interface by this non-Faradaic process. The basic difference between a faradaic and 

a non-Faradaic current can be further understood by imagining an electron travelling down 

the external circuit to an electrode surface. When the electron reaches the solution interface, 

it can either remain at the electrode surface and increase the charge on the double layer, which 

constitutes a non-Faradaic current; or can leave the electrode surface and transfer to a species 

in the solution, thus becoming a part of the faradaic current (Skoog et al., 1998). 

Therefore, the non-Faradaic current is a result of those processes that do not involve 

the transfer of electrons across the electrode–solution interface and they stem from the 

electrical capacitance present at the interface, which can be calculated using the equation, Eq. 

(1.2), 

𝐶 =
q

E
                (1.2) 

Where q and E represent the charge and the potential, respectively. 

The current  in a voltammetric experiment measures the rate of the electrode process. 

Different strategies may occur when an electrode is placed in an electrolyte solution. The 

steps involved in an electrode reaction are: 

1.   Mass transfer of the species between the bulk solution and the electrode surface. 

2.   Heterogeneous electron transfer at the electrode/solution interface. 

3.   Chemical reactions, either preceding or following the electron transfer. 

4. Surface reactions such as adsorption, desorption, and electrodeposition–dissolution 

1.4.4 Different voltammetric techniques 

This section discusses some of the more common forms of voltammetric techniques 

currently in use for a variety of analytical purposes. The uniqueness of each technique rests 
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on the subtle differences in the manner and the timing in which the potential is applied and 

the current is measured (Kounaves, 1997). 

1.4.4.1 Linear-Sweep Voltammetry (LSV) 

The LSV is the simplest among the voltammetric techniques in which the potential of 

the WE is altered linearly with time. LSV measures the current at the WE while the potential 

between the working and a RE is linearly swept in time. i.e., it involves an increase in the 

imposed potential linearly at a constant scanning rate from an initial potential to a defined 

upper potential limit. A measure of the current signal is denoted by a peak or trough that is 

formed at the potential where the species begins to be oxidized or reduced (Pillay, 2009). 

1.4.4.2 Cyclic Voltammetry (CV) 

The CV has become an important and most extensively used electroanalytical 

technique in many areas of chemistry. It is widely used for the study of redox processes, to 

provide information on the reversibility and kinetics of the reactions, and for understanding 

reaction intermediates. The CV is based on varying the applied potential at a WE in both the 

forward and backward/reverse directions while monitoring the current. i.e., the potential of 

WE is scanned linearly from an initial potential to a final potential and then back to the initial 

potential. The potential at which the peak current occurs is known as the peak potential (Ep). 

The important parameters in a cyclic voltammogram are the cathodic and the anodic peak 

potentials (Epc, Epa) and peak currents (ipc, ipa), respectively. The magnitude of the Faradaic 

current (ipc or ipa) gives an indication of the rate at which the electrons are being transferred 

between the redox species and the electrode. The cyclic voltammetric processes could be 

reversible, quasi-reversible or irreversible. If the electron transfer process is fast compared 

with the other processes (such as diffusion), the reaction is said to be electrochemically 

reversible, where the electroactive oxidized (or reduced) species in the forward scan is in 

equilibrium with the electroactive reduced (oxidized) species in the reverse scan and the peak 

separation is given by Eq. (1.3), 

∆𝐸𝑝 = 𝐸𝑝𝑎 − 𝐸𝑝𝑐 =
2.303

𝑅𝑇
=

0.0592

𝑛
 𝑉                    (1.3) 
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ΔEp should be independent of the scan rate (ʋ) but in practice, ΔEp increases slightly with 

increasing ʋ, and this is due to the solution resistance (RS) between the reference and working 

electrodes. Theoretically, the potential difference between the oxidation and reduction peaks 

is 59 mV (eqn 3) for an one-electron reversible redox reactions. However, in practice, this 

value is difficult to attain and sometimes found in the 60-100 mV range, because of cell 

resistance. Thus, for a reversible redox reaction at 25 °C with "n" electrons, ΔEp should be 

0.0592/n V or about 60 mV for a one-electron reaction. 

The formal reduction potential (E0) for a reversible couple is given by Eq. (1.4), 

𝐸0 =
𝐸𝑝𝑎 + 𝐸𝑝𝑐

2
                     (1.4) 

For a reversible reaction, the concentration is related to the peak current by the Randles–

Sevcik expression (at 25 °C), Eq. (1.5):  

 

ip = (2.686 × 105)n3/2 A D1/2 C ʋ1/2                    (1.5) 

where ip is the peak current in Amps, A is the electrode area (in cm2), D is the diffusion 

coefficient (cm2 s– 1), C is the concentration in mol cm–3, and ʋ is the scan rate in Vs–1. A 

linear plot of ip vs. ʋ1/2 indicates that the currents are controlled by planar diffusion to the 

electrode surface (diffusion-controlled process), and if there is a linear relationship between 

ip and ʋ, that corresponds to an adsorption-controlled process. 

For an irreversible process, only forward oxidation (reduction) peak is observed, but 

at times, a weak reverse reduction (oxidation) peak as a result of slow electron exchange or 

slow chemical reactions at the electrode surface is possible. Irreversibility due to a slow 

electron transfer rate results in ΔEp > 0.0592/n V, greater than, say, 70 mV for a one-electron 

reaction.  Quasi-reversible processes are those in which, unlike the reversible process 

where the current is purely mass transport controlled, the current is controlled by a mixture 

of mass transport and charge transfer kinetics. The process occurs when the relative rate of 

electron transfer with respect to that of the mass transport is insufficient to maintain the 

Nernst equilibrium at the electrode surface. For the quasi-reversible process, ip increases with 

ʋ1/2 but not in a linear relationship and ΔEp > 0.059/n (Figure 1.4). 
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Figure 1.4. Cyclic voltammograms for reversible, quasi-reversible, and irreversible electron transfer 

1.4.4.3 Pulse methods 

Pulse voltammetric techniques introduced by Barker and Jenkin, were aimed at 

increasing the sensitivity or lowering the detection limits/limit of detection (LOD), and 

increasing the speed of voltammetric measurements. The key advantage of these techniques 

is that they permit convenient measurements even up to nanomolar concentration levels and 

because of this greatly improved performance, modern pulse techniques have largely replaced 

classical EC techniques to an extent. The idea behind all pulse-voltammetric methods is to 

measure the current at a time when the difference between the desired faradaic curve and the 

interfering charging current is large, the latter being on the lower side. The difference in the 

rate of the decay of the charging and the faradaic currents follows a potential step (or "pulse", 

typically 50 mV). A sequence of such potential steps, each with duration of about 50 

milliseconds, is applied on to the WE. After the potential is stepped, the charging current, one 

of the major contributors of non-Faradaic current, decays exponentially, whereas the faradaic 

current (for a diffusion-controlled current) decays as a function of 1/(time)½; that is, the rate 

of decay of the charging current is considerably faster than the decay of the faradaic current 

(Aoki et al., 1980). Charging currents result in high background noise in voltammetric 

analyses. This ultimately compromises signalto-noise ratios and thus limits the detection at 

low analyte concentrations. To be more precise, the greater sensitivity of pulse techniques 

can be attributed to two factors. The first is an enhancement of the faradaic current, and the 

second is a decrease in the non-Faradaic charging current. To account for the enhancement, 

let us consider the events that must occur in the surface layer around an electrode as the 

potential is suddenly increased by 50 mV. If an electroactive species is present in this layer, 
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there will be a surge of current that lowers the reactant concentration to that demanded by the 

new potential. As the equilibrium concentration for that potential is approached, however, the 

current decays to a level just sufficient to counteract diffusion; that is, to the diffusion-

controlled current. In classical voltammetry, the initial surge of current is not observed 

because the time scale of the measurement is long relative to the lifetime of the momentary 

current. On the other hand, in pulse voltammetry, the current measurement is made before 

the surge has completely decayed. Thus, the current measured contains both a diffusion-

controlled component and a component that has to do with reducing the surface layer to the 

concentration demanded by the Nernst expression; the total current is typically several times 

larger than the diffusion current. Note that, under hydrodynamic conditions, the solution 

becomes homogeneous with respect to the analyte by the time the next pulse sequence occurs. 

Thus, at any given applied voltage, an identical current surge accompanies each voltage pulse. 

When the potential pulse is first applied to the electrode, a surge in the non-Faradaic current 

also occurs as the charge increases. This current, however, decays exponentially with time 

and approaches zero with time. Thus, by measuring currents at this time only, the non-

Faradaic residual current is greatly reduced, and the signal-to-noise ratio is larger. Enhanced 

sensitivity results. Therefore, in pulse techniques, in order to maximize the signal-to-noise 

(S/N) ratio, linear time– potential scans have been supplemented by more complex 

waveforms where time and potential are manipulated to maximize the ratio of faradaic to 

non-Faradaic current. As discussed, this is typically done by sampling the current at a specific 

time interval where the faradaic response is large and the non-Faradaic charging current is 

small (Cazes, 2004). The discrimination against the charging current (non-Faradaic current) 

that is inherent in these techniques leads to lower LODs (when compared to linear sweep 

techniques), which makes these techniques suitable for quantitative analysis. A number of 

different pulse techniques have been tried over the years, which differ in their potential pulse 

wave forms, the number of sampling points, and whether a solid electrode (voltammetry) or 

a mercury drop electrode (polarography) is used. Waveforms are simply the variation in 

potential with time. The simplest waveform is a linear scan (voltage ramp) where potential is 

scanned linearly with time [Figure. 1.5(a)]. The waveform used for CV is simply a linear scan 

that is scanned forward, switched, and then scanned backward [Figure. 1.5(b)]. The CV 

waveform may be repeated over many cycles. Pulsed waveforms are more complex and can 
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be divided primarily into normal pulse voltammetry (NPV), differential pulse voltammetry 

(DPV), and square wave voltammetry (SWV). 

i. Normal Pulse Voltammetry (NPV) 

The NPV (Figure. 1.5(c)) consists of a series of pulses of increasing amplitude, with 

the potential returning to the initial value after each pulse. The current is measured at some 

sampling interval (S) near the end of each pulse maximum. The Faradaic response is 

maximized by the potential pulse (when compared with the linear scans) and a significant 

amount of charging current is avoided in the measurement since the current is sampled near 

the end of the pulse (Cazes, 2004). 

ii. Differential Pulse Voltammetry (DPV) 

The DPV (Figure. 1.5(d)) differs from NPV, that it uses a waveform that consists of 

small pulses (of constant amplitude) superimposed on a staircase wave form. Like NPV, the 

faradaic response is maximized and charging current is minimized by sampling the current 

(S2) near the end of each pulse maximum. Again, this is very advantageous over the linear-

scan techniques since signal-tonoise is maximized. DPV differs from NPV in that the current 

is sampled at a second interval (S1). By subtracting S1 from S2, a voltammogram is obtained 

that 

is a measure of the change in current with potential. This will appear very different from the 

shape of the NPV voltammogram. If the NPV voltammogram gives a classical, sigmoidal 

response (i vs. E) for the oxidation or reduction of the analyte, the equivalent response using 

DPV will be the derivative of the NPV response (∆i vs. E) and will result in a peak instead 

of a wave. This can be attributed to the fact that ∆i becomes small and approaches zero as the 

limiting current is approached. This differential output allows the observation of individual 

peak maxima that differ by as little as 50 mV. In comparison, NPV (as well as classical 

techniques) requires approximately 200 mV between the waves to resolve them (Cazes, 

2004). 

iii. Square Wave Voltammetry (SWV) 

 

  The SWV is similar to DPV in that current is sampled at two different times in the 

waveform and results in a differential output (∆i vs. E). The SWV waveform (Figure. 1.5(e)) 
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is essentially the combination of a square wave (bold, solid line) of period τ with a staircase 

voltage function (dotted lines), of period τ. The "forward" current is measured at t1 just before 

the "down" pulse is applied. The "reverse" current is measured at t2. The net current is defined 

as the current measured at t1 minus the current measured at t2, or ∆i= i1 - i2. The SWV 

waveform is advantageous in such a way that the detrimental effects of charging current are 

reduced, allowing very fast potential scans. The charging current developed on the forward 

scan (from the "up" pulse) is essentially subtracted out when the reverse scan (the "down" 

pulse) is applied. Because of the rapid analysis time, repetitive scanning can be used with 

SWV to increase signal-to-noise by signal-averaging. The true advantage of SWV is 

therefore, the speed of analysis together with excellent sensitivity and the rejection of 

background currents (Cazes, 2004). 

 

Figure 1.5. The pictorial representation of the different types of waveforms of the different 

voltammetric techniques; (a) LSV (b) CV (c) NPV (d) DPV and (e) SWV (Cazes, 2004) 

 

1.4.5 Surface modification methods for the electrodes 

In recent times, electrochemists have become interested in purposely modifying 

electrodes by adsorbing, coating, or attaching specific molecules to the surface. A surface 

modified electrode is the one in which, if a specific material is attached to the electrode, then 

that material imparts on the electrode some chemical, EC or desirable properties which are 
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not available at the unmodified electrode. Most frequently the layer or coating on the 

electrode surface is electroactive, i.e., it can exchange electrons with the underlying substrate 

material and be oxidized or reduced. This deliberate and controlled modification of the 

electrode surface can produce electrodes with new and interesting properties that may form 

the basis of new applications of electrochemistry and novel devices (Allen J Bard, 1983). A 

primary interest has been in the area of electrocatalysis. Another application is in the 

production of electrochromic devices that change colour on oxidation and reduction. Finally, 

the most important analytical use of the electrodes is as analytical sensors selectively for 

particular species or functional groups (Sindhu & Girish Kumar, 2011). One of the most 

important properties of the modified electrodes is their ability to catalyze the oxidation or 

reduction of solute species at comparatively lower voltages, which otherwise exhibits higher 

voltages or does not give a response at the unmodified surfaces. Thus, they play an important 

role in reducing the high overvoltage required for the voltammetric determination of such 

analytes. Surface modification changes the surface layers of the electrode itself or creates a 

layer with some form of chemical as well as physical selectivity. Modified electrodes can be 

prepared by several different techniques which include,  

• Chemical modification: The electrode surface is activated by certain chemical reactions, for 

example, with silane, which is then used to react with another chemical species that becomes 

immobilized on the surface. 

• Adsorption: Some species find the surface of the electrode much more hospitable than the 

bulk solution and so attach spontaneously to the surface. For example, organic species such 

as those containing double bonds, are often hydrophobic and strongly adsorb from aqueous 

solutions on carbon or Pt surfaces (Allen J Bard, 1983). 

The adsorption methods involve, i) Drop-dry Coating/ Drop-dry casting (or solvent 

evaporation), where a few drops of the polymer, modifier or catalyst solution/dispersion are 

dropped onto the electrode surface and left to stand for the solvent to dry out. ii) Dip-dry 

Coating, where the electrode is immersed in a solution/dispersion of the polymer, modifier 

or catalyst for a period sufficient for spontaneous film formation to occur by adsorption. The 

electrode is then removed from the solution and the solvent is removed by drying. iii) Spin-

Coating (or spin-casting), which involves evaporating a drop of polymer, modifier or catalyst 
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solution/dispersion from an electrode surface by using centrifugal force at high-speed 

rotations (Pillay, 2009). 

• Electroadsorption and electrodeposition: If adsorption is carried out under the influence of 

an applied potential, then thicker modifier layers usually result, but there is a probably of a 

greater guarantee of uniformity. Electro polymerisation of monomers is possible; such 

procedures are used for the formation of conducting polymers. 

• Plasma: The electrode surface is cleaned by plasma leaving the surface with dangling bonds 

which are highly active and thus promotes the adsorption of species, such as amines or 

ethenes or similar (Laina & Girish Kumar, 2013). 

 

1.5 Materials of Interest: Functional Nanomaterials 

The emergence of the field of nanoscience has made huge changes in the the 

properties and applications of materials.  Nanomaterials or matrices with dimensions (grain 

size, layer thickness or shapes) below 100 nm display unique physical and chemical features 

that lead to new properties that are generally not available in bulk. Nanotechnology was 

introduced by Nobel laureate Richard P. Feynman during his now famous 1959 lecture 

"There's Plenty of Room at the Bottom". Feynman's prescient 'on the head of a pin' greatly 

inspired scientists and technologists to venture into this uncharted nano-terrain to do 

something big with something small. Thus, the emergence of nanoscience has made huge 

changes in materials applications. The science and technology of nanoscience materials, 

devices, and their applications in functionally classified materials, molecular electronics, 

sensors, actuators, nanocomputers, and molecular machines outline the world of 

nanotechnology (Pérez López, 2009). Nanotechnology is the understanding and control of 

matter at dimensions between approximately 1-100 nanometers, where unique phenomena 

enable novel applications. Nanotechnology encompasses two main approaches: (i) the 'top-

down' approach, in which larger structures are reduced in size to the nanoscale, and (ii) the 

'bottom-up' approach, also called 'molecular nanotechnology' or 'molecular manufacturing' 

introduced by Drexler et al., in which materials are engineered from atoms or molecular 

components (Figure 1.6). 
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Figure 1.6. An illustration of the 'top-down' and 'bottom-up' approaches in nanotechnology. 

One of the most intuitive effects arises in nanomaterials are the surface area to volume 

ratio change. When the size of the structure is decreased, the surface area to the volume ratio 

increases considerably, and the surface phenomena predominate over the bulk. Therefore, the 

decrease in the size of the transducer in a sensor to nano size can lead to new phenomena, 

and new sensor devices are being built taking advantage of these factors. The sensitivity of 

the bio/chemical sensors greatly depends on the characteristics of the transducer (shape, type 

of the material, size, etc.). As the high surface-to-volume ratio of the transducing element can 

increase the signal transfer efficiency, nanomaterials are ideal candidates to be used as 

components of transducers. Another major advantage of using nanostructures in sensing is 

that the number of receptors immobilized on the detector surface can be as low as a single 

molecule (Ambrosi, 2007). As a result, the amount of analyte required to generate a 

measurable signal could be just a few, providing for very low LODs. Therefore, in brief, the 

advantages of using nanomaterials in sensing include the following: nanomaterials can 

produce a synergic effect among catalytic activity, conductivity, and biocompatibility to 

accelerate the signal transduction; lower LODs, analysis of samples with lower 

amount/volume, cost reductions, direct detection and simpler assays (Kurkina, 2012) . 

Real progress in nanotechnology has been commenced and huge activity has been 

generated in most areas of science since the discovery of atomically precise carbon 

nanomaterials and layered nanomaterials, due to the combination of exceptionally unique 

electrical, thermal, catalytic, optical and mechanical properties. These properties made them 

ideal for many applications in multifunctional fields. Particularly, graphene quantum dots 
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(GQDs), a carbon-based fluorescent nanomaterial, has emerged as a rapidly rising star in the 

field of material science. Recently metal nanoclusters (MNCs) are gaining attention amongst 

the researchers because of their merits such as emissive properties, prominent photostability, 

large Stokes shift of ≥100 nm, and lack of toxicity, which make them much suitable for 

applications such as sensors, biological imaging, catalysis, and light-emitting devices. Here, 

we wish to detail the exciting area of electrochemistry of GQDs and MNCs and the many 

advantages they bring forth for developing EC sensors. 

1.5.1 Hetero Atom Doped Graphene Quantum Dots 

Among advanced functional materials, carbon, one of the most abundant elements in 

the biosphere, plays a crucial role in developing high-performance and sustainable 

materials(Facure et al. 2020). It is well known that carbon-based materials comprise the most 

effective properties among all the resources on the earth, such as lightweight, high porosity 

high-temperature resistance, acid and alkali resistance, good structural stability, and easy 

conductivity(Saisree, Nair, and Sandhya 2022). The above-mentioned characteristics, 

together with the small background current, the wide potential window, and good 

electrocatalytic performance, have made carbon materials effective in many applications and 

devices with unlimited possibilities for development. In the carbon-based materials family, 

graphene remains one of the well-explored species. 

Graphene is a mono-layer carbon nanostructure in which carbon atoms are assembled 

in a two-dimensional (2D) honeycomb crystal lattice. Graphene has had various applications 

due to its unique chemical, thermal, mechanical, and physical properties since its discovery 

in 2004 (Geim et al., 2004). These properties can be improved by manipulating redox 

reactions by manipulating the shape, size, and sp2- hybridized carbon domains. 

Photoluminescence is not observed in the case of graphene due to its zero bandgap which 

makes it an unsuitable material for optoelectronics and electronics applications (D. Chen et 

al., 2010). However, in zero-dimensional (0D) GQDs, the size is smaller (≤ 10 nm) than the 

exciton Bohr radius, there is a significant modification of the electron distribution that leads 

to size-dependent properties and quantum effects confinement and edge effects, which give 

rise to quantized energy states and size dependent bandgaps. Thus, by the intervening time 

from its discovery in 2008, the fluorescent nanomaterial, GQDs have attained great attention 
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in research areas due to their attractive properties such as tunable color emissions, 

photostability, biocompatibility, chemical inertness, higher surface area, reliable electrical 

properties, low toxicity, tunable properties by this pronounced quantum confinement, and 

edge effects(Hassan et al. 2014). An essential feature of GQDs is the presence of highly 

crystalline graphene sheets having dimensions below 100 nm in one-, two- and few layers 

(<10 layers). Generally, GQDs contain sp2 or sp3 carbon atoms and functional groups based 

on oxygen. GQDs are formed when graphene sheets are fragmented into less than the exciton 

Bohr radius (20 nm). The carboxylic groups located at the edges of GQDs enhance their water 

solubility as well as provide the potential for functionalization with many inorganic, organic, 

polymeric, and biomolecules. GQDs act as electron donors and acceptors due to their great 

surface area and many edge sites. A representative structure of GQDs is given in Figure 1.7a. 

These extraordinary properties of GQDs lead to the enhancement of their applications in 

various fields such as energy storage, biosensing, bioimaging, drug delivery, photocatalysis, 

and many others(Kumar et al. 2017).  

In recent years, GQDs have been explored as a great candidate for sensing and 

detecting metal ions/biomolecules. The enhancement in sensing properties can be achieved 

through surface functionalization and doping with heteroatoms such as nitrogen (N), sulfur 

(S), boron, and phosphorous(B. X. Zhang, Gao, and Li 2014)-(Ge et al. 2019). Metal and 

transition metal ions can be toxic, limiting their doping application, furthermore, the radius 

of metal and transition metal atoms is generally larger than that of carbon atoms, so doping 

them into GQDs often leads to inhomogeneous and ineffective incorporation. The heteroatom 

doping can effectively tune the intrinsic properties of GQDs, including electronic 

characteristics, optical activity, and surface and chemical features. In addition, they have 

better biocompatibility for applications in human medicine. The N-atom has been widely 

used for the chemical doping of GQDs. The N possesses similarity in atomic radius (0.75 Aº) 

with carbon (0.77 Aº) and greater electronegativity (


N = 3.04) than C (
χ
c = 2.55), making it 

easier to incorporate N into the carbon network(Mondal, Dinda, and Saha 2018). A general 

structural representation of N-GQD is given in Figure 1.7b. The N-GQDs mainly consists of 

three major types of bonding configurations: (i) graphitic N, where nitrogen heteroatoms are 

substituted on the inner surface of graphene in a hexagonal ring, (ii) pyrrolic, and (iii) 

pyridinic, where both are found at edge defects. The hybridization of pyridinic N is sp2, 
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whereas pyrrolic N is sp3 hybridized. A difference between the electronegativity of N and C 

in the N-GQD resulted in numerous applications in sensing, electronics, energy storage 

devices, and catalysis. Conductive properties have been explored for their applications in EC 

sensing, batteries, and supercapacitors. Optical and catalytic properties are also envisioned 

for their applications in sensing and catalysis.  

 The S atom (1.05 Aº) being much larger than the C atom. Because the two atoms 

have different outermost orbitals, the combination of S in GQDs results in an uneven spin 

density distribution. The difference in electronegativity between S (2.58) and C (2.55) is very 

small, suggesting that the driving force for electron transfer between the C and S is low. 

These characteristics all make S doping into a GQD framework difficult and doping GQDs 

with S atoms can lead to enhanced electronic, catalytic and emissive properties(Sohal, Maity, 

and Basu 2021). Despite these challenges, multiple methods for preparing S-doped GQDs (S-

GQDs) and S and N co-doped GQDs (S,N-GQDs)  have recently been reported, showing the 

potential interest by the research communal(B. Li et al. 2021). The superior photocatalytic 

ability and promising prospects were well explored on lithium batteries due to the high 

electrocatalytic activity and conductivity resulting from N to S co-doping. Optical property 

characterization is an important method for understanding carbon-based nanomaterials. 

Although doping with N could effectively tune the absorption and photoluminescent 

characteristics of GQDs, S co-doping can significantly alter the emission properties 

further(Bian et al. 2016). Thus, S,N-GQD provides a higher quantum yield than N-GQD and 

GQD. These results can be attributed to the higher N coverage on the C sp2 skeleton of S,N-

GQDs, and the sulfur-containing groups, which promote the electron-hole recombination. 

Thus, these properties make hetero atom doped GQDs, N-GQDs, and S,N-GQDs highly 

suitable for EC sensing platforms. Here we focus on the synthesis of heteroatom(s) (S and N) 

doped GQD using simple hydrothermal synthetic approaches and further exploring their 

diverse properties in EC sensors for sensing toxic metal ions and biomolecules. 

 



63 
 

 

Figure1.7. A representative structure of (a) GQDs and (b) N-GQDs 

1.5.2 Metal Nano Clusters (MNCs) 

Noble MNCs are a class of materials that bridge the gap between nanoparticles and 

atoms, making this area fascinating(Publication et al. 2017). They possess a sub nanometer 

core size with discrete energy levels and exhibit molecule-like properties in their absorption 

and photoluminescence features. MNCs are made up of tens to hundreds of atoms and have 

intermediate composition between bulk and molecular regimes, where the electronic band 

structure of the bulk gets modified to discrete electronic states as a result of quantum 

confinement. MNCs exhibit strong photoluminescence, and their emission can be tuned from 

the near-infrared (NIR) region to ultraviolet (UV) by decreasing the core size and also by 

varying the metal used. In the past decade, gold (Au) and silver (Ag) have been extensively 

synthesized and studied using alkanethiols and other ligands as protecting agents by taking 

advantage of the strong affinity of thiol, amido, or phosphine groups to noble metal surfaces 

and their excellent stability in different media(Gui et al. 2014). AuNCs have been particularly 

well-studied because of their extraordinary chemical stability and a wide variety of optical 

properties. However, commensurate expansion has not happened in the area of AgNCs. 

Copper (Cu) is widely used in industry because of its high conductivity, similar properties to 

gold and silver, and much lower cost. However, compared to the extensive studies on Au and 

Ag, reports on CuNCs are still scarce primarily because of their susceptibility to oxidation(W. 

Wang et al. 2014). Hence, we detail the synthesis of stable CuNCs using various synthetic 

approaches which give them different properties, and the many advantages they bring forth 

in EC sensors for sensing toxic metal ions and biomolecules. 
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Figure 1.8. Schematic representation showing the distinction of cluster from molecule and bulk 

material. 

MNCs have recently attracted a great deal of interest in sensing, catalysis, biology, 

biomedicine and energy applications due to many unique properties of MNCs, such as the 

well-defined structures, optical absorption, luminescence, catalytic activity, and magnetism, 

to name a few. Such properties are not seen in the corresponding bulk materials or 

nanomaterials with larger sizes. More significantly, the properties of MNCs are sensitive to 

the size, composition, surface charge state, and structure, therefore providing opportunities 

for tailoring of properties and guiding the design for specific applications of MNCs. One of 

the most attractive properties of MNCs is their strong photoluminescence combined with 

good photostability, large Stokes shift, and high emission. Each size of NCs has its feature 

profile of optical absorption, which is different from plasmonic nanoparticles. These unique 

aspects make MNCs highly promising in chemical sensing and biosensing applications. The 

ligand shell in the outer layer of the MNCs can be tailored by employing biomolecules, such 

as polymers, dendrimers, proteins, peptides, and DNAs to control the biocompatibility and 

to enhance the stability and luminescence intensity, thus establishing MNCs as a new class 

of ultrasmall biocompatible fluorophores in bioassays. MNCs have also shown great potential 

for catalyzing many important chemical transformation reactions owing to their good activity 

(higher surface-to-volume ratio than conventional nanoparticles) and high selectivity under 

relatively mild conditions. Niesen et al. developed a novel thin-film light-emitting device 

using MNCs. The electroluminescence of these light-emitting devices is tunable by choice of 

MNC. Apart from AuNCs, Ag, and CuNCs have also been used for organic light-emitting 

devices. The sensing or detection of chemical and biological agents plays a fundamental role 

in the environmental, biomedical, and forensic fields. Fortunately, MNCs provide excellent 
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scaffolds for sensing various compounds since the atomically precise NCs are better for 

understanding the sensing mechanism, including, for example, metallophilic interactions, 

electron or energy transfer, Förster resonance energy transfer, anti-galvanic reaction, etc. The 

atomically precise MNCs are expected to have a great leap in future research, not only in 

fundamental science research but also in practical applications. The development of 

multifunctional sensors is quite attractive for practical applications. In the wake of this, the 

cluster community has begun to investigate functional NCs comprising two or more metal 

species. Such bi- or multi-metallic NCs have quickly emerged as new and promising 

members of the MNC family. 

In principle, integrating two or more metal species into one cluster may have the 

following attractive features as compared to their mono-MNC analogs: 

1) The physicochemical properties of two metal species can be easily integrated into one bi-

MNC. 

2) Some synergistic effects such as strong luminescence could be realized in bi-MNCs. 

3) Bi-MNCs' electronic structures could be further tailored by controlling their sizes, 

compositions, and structures (e.g., core-shell, alloy, and hetero-structure), particularly at the 

atomic level. 

Thus, atomically precise NC research has emerged as an exciting frontier in recent 

years and is expected to flourish in the future. 

 

Figure 1.9. The structural representations of (a) AuNC, (b) and (c) AuCuNC 
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1.6 A Brief Review on GQD and MNC Based Materials in 

EC Sensing Applications 

As mentioned earlier, the outstanding physical and chemical properties of GQDs were 

exploited for the EC sensing of various chemical/ biological species. The GQD-based EC 

sensors include modified electrodes with GQDs, functionalized GQDs, and heteroatom-

doped GQDs. The EC sensing capability of GQD-based materials is the most extensively 

studied towards biomolecules and toxic contaminant sensing. Here we describe a few 

examples of GQD-based materials for the EC sensing of biomolecules and harmful 

contaminants, including metal ions.  

In the last decade, there have been enriched studies on EC sensing capabilities of 

GQDs owing to their ease of synthesis and subsequent functionalization, intense surface 

chemistry, biocompatibility, and high electron mobility with high-speed reaction, which 

makes them to be recognized as an excellent sensing material. Because of more surface atoms 

and edge atoms that facilitate higher surface interaction/adsorption in GQDs makes them a 

better sensor material than 2D nanomaterials. In addition, the better solubility of GQDs in 

water can lead to easy processing and facilitate its functionalization through the hydrophilic 

groups present on their surface (e.g., hydroxyl, carboxyl, etc.), increasing their catalytic effect 

on various redox reactions. 

The significant development of industrial and agricultural activities greatly 

contributes to the improper discharge of pollutants into the environment. Consequently, 

environmental monitoring of toxic pollutants in various environmental media has become a 

great healthcare concern due to their lethal, hazardous, and adverse effects on the 

environment and human health. Several reports appeared in the literature that discuss the 

selective and simultaneous EC sensing of hazardous pollutants in the environment. GQDs-

based materials have been reported for the detection of toxic metal ions, including that of 

mercury(B. Li et al. 2021), chromium(Shellaiah et al. 2019), and copper(B. Li et al. 2021). 

In 2016, Xuan Jian et al. developed a GQDs modified glassy carbon electrode to detect 

hydroquinone and catechol in water (Jian et al., 2016). A N-GQD synthesized from citric acid 
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and urea, and combined with luminol, has been investigated for the detection of hydrogen 

peroxide in water samples (Jiang et al., 2016). Likewise, Tan et al. developed an EC sensor 

based on the GQDs composite electrode for the detection of bisphenol A in water by using 

DPV (Tan et al., 2016). A highly selective and sensitive detection of 4‑nitrophenol in an 

aqueous solution was achieved through S-doped GQD based material(Anh and Doong 2018). 

Further, there are reports on the EC sensing of olanzapine; an anti-schizophrenic drug that 

employs the sensing capability of N and S co-doped GQD-based nanohybrid 

materia(Mahmoud et al. 2020). A simple and diverse approach to the synthesis of N-GQDs 

for the ultra-trace level EC detection of trinitrophenol and an effective differentiation strategy 

for the nitroaromatics were put forward by Aswathi et al. (Aswathi et al., 2019). 

Selective and simultaneous EC sensing of neurotransmitters, which constitute a series 

of compounds, that have important physiological roles in the metabolic system of living 

bodies, holds another important application of GQD-based electrodes for which a number of 

reports have appeared in the literature. Neurotransmitters, for instance, dopamine (DA), 

epinephrine (EP), serotonin (SER), etc., are endogenous chemical messengers in the nervous 

system that influence a wide range of both psychological and physiological functions of the 

brain. An abnormal level of their concentration in the human body leads to various 

neurodegenerative diseases such as Alzheimer's, Parkinson's, Huntington's, depression, and 

schizophrenia(Cai et al. 2020). For this reason, the use of fast, accurate, inexpensive, and 

biocompatible GQD-based electrochemical sensors that allow on-site detection and the 

possibility of detecting two or more analytes instantaneously ensures high selectivity and 

sensitivity, has aroused particular interest in scientific research. 

Similarly, a chitosan/N-GQDs nanocomposite has been utilized as an EP sensor by 

Tashkhourian et al. (Tashkhourian et al, 2018). An ultra-sensitive DA sensor was developed 

by Ruiyi et al., involving histidine functionalized GQDs (Ruiyi et al., 2017). In another study, 

a GQD-based screen-printed carbon electrode sensor responded by a redox reaction with DA, 

AA, and UA. One of the most interesting EC approaches for detecting DA and EP was 

proposed by Vinoth et al. (Vinoth et al., 2019). The large electroactive surface area, effective 

ring-stacking, π–π bonding and electrostatic interaction between the GQDs and DA-led to an 

excellent electrocatalytic activity in oxidizing DA and providing high sensitivity and 

selectivity. Additionally, GQD-based materials were also utilized to sense other biologically 
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relevant molecules. Hasanzadeh et al. synthesized a nanocomposite of Fe3O4 magnetic nano-

particles and GQDs, which exhibits an excellent electrocatalytic activity toward the electro-

oxidation and detection of many amino acids such as L-cysteine, L-aspartic acid, L-

phenylalanine and L-tyrosine (Hasanzadeh et al., 2016). Further, simultaneous sensing of 

estradiol and progesterone was put forward based on poly (sulfosalicylic acid) doped GQDs 

(Arvand et al., 2017). Similarly, GQD-based electrodes have been fabricated as effective 

sensors for the sensitive detection of molecules such as quercetin (Li et al., 2016), 

norepinephrine (Fajardo 2019). 

Similar to GQD, MNC-based materials are also emerging as attractive materials for 

EC applications recently, owing to their high electrocatalytic efficiency, which has been 

harnessed for developing highly sensitive EC sensors. The emergence of MNCs grab the 

position held by metal nanoparticles in EC sensing through its unique redox properties. The 

metal nanoparticles are redox inactive, and thus, they were typically immobilized into a 

modified electrode along with a redox mediator or a redox enzyme. Whereas the 

extraordinary electrochemical characteristics of MNCs comprise their redox-active nature 

and thus can function as an electron transfer mediator as well as an electronic conductor. 

Kumar et al. first demonstrated the AuNC-based amperometric sensing of biologically 

important analytes; AA and UA (Kumar et al., 2011). Kwak et al. reported selective 

determination of DA (Kwak et al., 2012). Similarly, another nonenzymatic glucose biosensor 

was put forward based on AgNCs(X. Gao et al. 2018). An EC sensor for nitrate ion and total 

N based on a CuNC-based sensor was put forward by Xia et al. (Xia et al., 2013). Parallelly, 

reports on sensitive EC detection of H2O2 by applying the sensing capabilities of CuNCs are 

also available(X. H. Gao et al. 2016). Another advantage of an MNC-based sensor is that the 

ligand shell can be engineered to improve the sensing characteristics such as sensitivity and 

selectivity. For instance, an excellent DA sensor was developed by utilizing an AuNC-

glutathione-based sensor, where glutathione act as charge selective ligands that enable better 

sensing characteristics for AuNC towards DA. 

As mentioned earlier, graphene is an ideal material for many electrochemistry 

applications because of its large surface area and excellent 2D electron conductivity. Thus, 

combining metal NCs with graphene and graphene-based systems is expected to endow the 

NC composites with enhanced electrochemical properties and improved electrochemical 
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sensing. An AgNC-graphene-based nanocomposite was labelled with a detection antibody 

for the EC sensing of carcinoembryonic antigen, a tumor marker present in several cancer 

types (Wang et al., 2016). The catalytic activity of these AgNC-graphene oxide 

nanocomposites toward the EC reduction of H2O2 was significantly higher than the bare 

AgNCs due to synergistic effects between AgNCs and graphene oxide (Chen et al., 2011). 

Moreover, a sensitive electrochemical acetylcholinesterase biosensor based on AgNC-

graphene composites was also developed (Zhang et al., 2015)). Then again, AuNCs were 

incorporated into graphene to sense HIV DNA (Wang et al., 2015) electrochemically.  

1.7 Objective and Scope of the Thesis 

As mentioned, electrochemistry-based analytical methods such as EC sensors have 

impacted multiple fields, including diagnostics, environmental analysis, food sciences, 

enzymatic kinetics, and pharmacology (Govindhan et al.,2014). Recently, the assembly of 

miniaturized EC devices using various nano functional materials/ their composites have been 

demonstrated for the EC detection of several electroactive targets of importance in food 

analyses, environmental monitoring, and clinical diagnosis. The electrode materials play a 

critical role in the selectivity and sensitivity of EC sensing platforms for detecting target 

molecules through various analytical principles. Furthermore, in addition to the electrode 

materials property, making them nanosized can produce a synergic effect among catalytic 

activity, conductivity, and biocompatibility to accelerate the signal transduction and amplify 

recognition events by specifically designed signal tags, leading to highly sensitive sensing 

(C. Zhu et al., 2014). Significantly, extensive research on the construction of functional 

electrode materials, coupled with numerous EC methods, is advancing the wide applications 

of EC devices. Motivated by the excellent properties ofe GQD and MNC in this work we 

have tried to exploit these materials for the EC sensing applications of  various analytes owing 

to their interactions with these materials. The Materials too we have adopted methods or 

strategies to exhibit better properties such as conductivity, stability and catalytic activity for 

acheiving better sensing results. 

For the successful EC sensing applications, there may exist a number of challenges 

associated with both the electrode material (here GQD and MNC based), such as 

processability, ease of production, bulk preparation; and the analyte 
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(biologically/environmentally important species) under consideration, which include the 

need for high sensitivity, selectivity, reproducibility, etc. At this moment, we attempted to 

address some of the challenges and explore the use of GQD and MNC-based materials for 

the highly sensitive and selective detection of various analyte species, which are important 

either biologically/or environmentally. The specific challenges and merits of the electrodes 

developed has been discussed for each work in detail. We identify the specific objectives of 

the present research as,  

• Development of GQD and MNC based nanomaterials (as electrode materials) 

• Characterization, electrode modification, and EC sensing studies of the developed 

materials 

• Identification of biologically/environmentally important analytes and detection of them 

using selected electrode materials based on affinity/interactions between them 

• Investigation of the underlying mechanism involved in the sensing 

 

1.8 Organization of the Thesis 

This thesis describes the research work on the development of various GQD and 

MNC-based materials as EC sensors, characterization of the materials, electrode 

modification, and EC sensing studies. Our research focuses on identifying/selecting suitable 

electrode materials for detecting biologically/environmentally important analytes based on 

the affinity/interaction and between them so that better sensitivity and selectivity shall be 

achieved, which is investigated by the systematic EC sensing studies. The underlying 

mechanisms involved in the sensing are studied and discussed based on the results. The thesis 

is organized into eight chapters, as given below. 

Chapter 1 provides a detailed introduction to the basics & fundamentals of 

electrochemistry, discusses the various EC methods, and explains the background and basics 

of EC sensing. It provides state-of-the-art literature survey on GQD and MNC-based 

materials in EC sensing. Further, it discusses the objectives of the current research work. 

Chapter 2 is the experimental section that describes the materials and methods used 

to synthesize various GQD and MNC based materials, various experimental procedures 

adopted for the preparation/modification of EC electrodes, and other general procedures for 
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systematic EC sensing studies. Various characterization techniques used are also discussed 

in this chapter. 

Chapter 3 explores the EC sensing properties of the polyaniline-derived N-GQD, 

towards the selective detection of Cd (II) with commendable sensitivity. The sensing 

mechanism is discussed in detail and is confirmed using various characterization techniques. 

Chapter 4 discusses the synthesis of a white emissive sulfur co-doped nitrogen-doped 

graphene quantum dots, S,N-GQD, from polyaniline for the simultaneous EC sensing of 

hazardous heavy metal ions. The advantages of the structure and the possible reasons for 

better performance are also proposed. 

Chapter 5 describes the synthesis of highly stable CuNC by utilizing the reduction 

capability of N-GQD, CuNC@N-GQD, and its EC sensing capability towards three 

functionally correlated neuro-active molecules. In addition to that, the structure of 

CuNC@N-GQD is proposed based on characterization studies, and the mechanism for 

simultaneous sensing is explained. 

In Chapter 6, a simple and effective synthesis strategy to achieve a gold-copper 

bimetallic nanocluster, AuCuNC@N-GQD is discussed. Further, the highly selective EC 

sensing behavior of AuCuNC@N-GQD towards the amino acid glycine is explored, and the 

mechanism is discussed. 

Chapter 7 exploits the EC sensing capability of AuCuNC@N-GQD towards the 

hazardous heavy metal ion, Pb(II). The selective sensing mechanism is discussed and 

confirmed using various characterization techniques. 

Chapter 8 summarizes the highlights and the output of the research work and the 

future possibilities in this area. 
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CHAPTER 2 

MATERIALS AND METHODS 

This chapter gives a detailed description of the materials and the methods used for 

the synthesis of the GQD and MNC based functional materials and mention the various 

characterization instruments used for studying the structure and composition of the 

materials. Further, the methods used for the cleaning preparation/modification of the 

electrodes and the various electrochemical procedures adopted herein for the studies along 

with the general procedures for reusability, reproducibility and stability studies of the 

developed EC sensors. 

2.1. Materials 

Dopamine (DA), acetyl choline (Ach), glucose anhydrous (Glu) and ascorbic acid 

(AA), uric acid (UA), folic acid (FA), nicotine (NIC), serotonin (SER), 2,4,6-trinitrophenol 

(TNP), FeCl3, FeCl2, SnCl2, AuCl3, and CuSO4 were purchased from Sigma Aldrich India 

Co. Ltd., hydrogen peroxide (H2O2), sulfuric acid (H2SO4), hydrochloric acid (HCl), sodium 

hydroxide (NaOH), di-sodium hydrogen phosphate dihydrate, sodium dihydrogen phosphate 

monohydrate, aniline, ammonium peroxydisulfate (APS), chloroform, glutathione (GSH), 

glycine (GLY), alanine (ALA), valine (VAL), leucine (LEU), isoleucine (IsLEU), lysine 

(LYS), phenylalanine (PhALA), serine (SRN), threonine (THR), tryptophan (TRY), tyrosine 

(TYR), methionine (MET), proline (PRO), cysteine (CYS), histidine (HIS), arginine (ARG), 

asparagine (ASP), aspartic acid (AsA), glutamic acid (GA), and glutamine (GLN) were 

purchased from Merck, India Ltd., MgSO4, MnCl2, NiSO4, LiCl2, HgCl2, AgNO3, CdCl2, 

NiSO4, Zn(NO3)2, Co(NO3)2, PbNO3 and K2Cr2O7, were obtained from Spectrochem Pvt. 

Ltd. Distilled water was used in all the procedures unless specified otherwise. All the solvents 

and reagents used in this study were of analytical grade. 

 



73 
 

2.2. Characterization Techniques 

Several techniques such as spectroscopic, microscopic and thermal are performed 

for the characterizations of synthesized materials. Fourier transform Infra-red (FTIR) spectra 

were recorded in a Perkin Elmer spectrum100 FTIR spectrophotometer. The range of FTIR 

spectra is 4500- 400 cm-1 with an optical resolution of 0.5 cm-1. Absorption spectra were 

recorded using CARY 100 Bio UV-Visible spectrophotometer. Photoluminescence (PL) 

spectra were recorded in Horiba FluoroMax-4 with the excitation and emission slits of 1 and 

2 nm respectively. Raman spectroscopic measurements were carried out in Renishaw in Via 

Raman microscope with the excitation laser wavelength of 532 nm. X-ray diffraction (XRD) 

analyses were carried out on a Bruker D8 discover small angle X-ray diffractometer. The Cu 

Kα radiation (λ = 1.54 Å) was used as an excitation source. XRD pattern also allows 

estimating crystal size by Debye-Scherrer equation as given in equation 2.3. This equation 

gives the relationship between diffraction peak broadening (β) and crystallite size (D), 

𝐷 =
0.94 𝜆

𝛽𝑐𝑜𝑠𝜃
  (2.1) 

Scanning electron microscope (SEM) images were taken using Hitachi SU6600 

variable pressure field emission (FE) SEM. High resolution transmission electron microscopy 

(HRTEM) analyses were done using JEOL JEM 2100 electron microscope with an 

accelerating voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) analyses were 

carried out using Kratos analytical axis ultra-X-ray photoelectron spectrometer with the 

excitation source of Al Kα. X-Ray photoelectron spectra were peak-fitted using MultiPak 

Version 9.6.0.15. Mass spectra were recorded using a Bruker Q-time-of-flight (COMPACT) 

mass spectrometer through electron spray ionisation in negative ion mode with a quadrupole 

ion energy of 5 eV, collision energy of 10 eV and a transfer time of 120 s. A methanol–

water mixture (50 : 50) was used as the electrospray solvent. Electrochemical Impedance 

Spectroscopy (EIS) studies were carried out between 100 mHz and 100 kHz at the open 

circuit voltage. 
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2.3. Methods 

2.3.1. Electrochemical measurements 

  For EC sensing studies, all the EC measurements were carried out with potentiostat/ 

galvanostat PG 302N, AUT 83909 (Metrohm, Autolab, Netherlands) with three electrode 

system using glassy carbon electrode (GCE) with 3 mm diameter as working electrode, Pt 

wire as counter electrode and Ag(s)/ AgCl(s)/ Cl-1(aq., saturated) as reference electrode. The 

voltammetric experiments were carried out using various techniques including CV, DPV, 

LSV etc. The voltammetric parameters in each technique, as well as the electrolytes vary with 

the sensor material as well as the analytes under consideration, which are discussed in each 

chapter in detail. Amperometric measurements, particularly pre-concentration studies were 

done by using chronoamperometry at required (specified) voltages. 

2.3.2. Electrode cleaning, preparations/Modification 

  Prior to modification of GCE with the samples, they were mechanically polished with 

a wetted microcloth containing alumina powder (0.05 mm), and then carefully cleaned in 

distilled water and in acetone by ultra-sonication (2 minutes each). The dried GCEs were 

modified with the material samples by drop-dry casing method, the details are given in each 

chapter separately. In a general procedure, the electrode modification was done by 

dropcasting 20 µL of 0.5 mg ml-1 freshly ultrasonicated dispersions of the materials (in 

suitable solvents), to ensure that roughly the same amount of material is deposited onto the 

electrode surfaces. The dropcasted GCEs were dried under air or sometimes under the stream 

of nitrogen depending on the material behaviour. After each analysis, GCEs were cleaned by 

mechanical polishing followed by ultrasonication in the solvent, distilled water and in 

acetone. 
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2.3.3. Reusability, reproducibility and stability studies 

 In general, the reusability and storage stability of the developed sensor electrodes were 

evaluated using CV or DPV experiments by comparing the oxidation/reduction peak currents 

obtained in respective electrolytes containing a particular concentration of the respective 

analyte species immediately after washing, and after a period of a few months respectively. 

The percentage of retention of the initial current responses were calculated and recorded. 

Measurement on five independently prepared electrodes were used to estimate the 

reproducibility, the relative standard deviations (% RSD) in the oxidation/reduction peak 

currents in CV/DPV for a particular analyte concentration were measured. RSDs were 

obtained by using the formula, 

𝑅𝑆𝐷 = 100 × 𝑠
�̅�⁄   (2.2) 

Where 𝑠 is the sample standard deviation and �̅� is the sample mean. 

2.3.4. Real sample analysis 

2.3.4.1. Blood/Urine sample analysis 

 The general procedure adopted for real blood/urine sample analysis involve spiking of real 

human blood/urine sample via standard addition method, where known amounts of the 

analyte samples were added to the diluted(1000 times) blood/urine sample, analyzed 

electrochemically using CV/DPV methods and the recovery amounts were measured. 

2.3.4.2. Water sample analysis 

 The real water sample analyses were carried out by extending the sensing studies to the 

samples such as sea, tap, ground and waste water. The details are given in each chapter. In 

general, the samples were spiked with the analyte under study at different concentration 

levels, analyzed with the proposed EC method and the recovery amounts were calculated. 
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The recovery calculations were done using the formula,  

% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = (
𝐶𝑓𝑜𝑢𝑛𝑑−𝐶𝑠𝑝𝑖𝑘𝑒𝑑 

𝐶𝑠𝑝𝑖𝑘𝑒𝑑
× 100) + 100  (2.3) 

Where 𝐶 is the concentration of the analyte species under study. The high recovery values in 

real sample analysis are indicative of the successful applicability of the developed sensors in 

real environments. 

2.3.5. Sensitivity, LOD and Bandgap Calculation 

2.3.5.1. Sensitivity Calculation 

The sensitivity of an electrode depends on the current response, concentration of the analyte 

and also the area of the electrode used. They are related as, 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒∗𝐴𝑟𝑒𝑎 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
               (2.4) 

2.3.5.2. LOD Calculation 

 

           LOD =  
3𝜎

m
   (2.5) 

σ- The standard deviation of the current responses of blank 

m- Slope of Current vs Concentration graph 

2.3.5.3. Bandgap Calculation 

Bandgap = Energy of conduction band (ECB)- Energy of valence band (EVB) 

Energy of conduction band (ECB)  =  -4.8-(Epa-E1/2) eV 
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Energy of valence band (EVB)  = -4.8-(Epc-E1/2) eV 

Epa – Oxidation potential 

Epc – Reduction potential 

E1/2 –Half wave potential 
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CHAPTER 3 

Radical Sensitivity and Selectivity in the 

Electrochemical Sensing of Cadmium Ions in water 

by a Polyaniline Derived Nitrogen Doped Graphene 

Quantum Dots 

 
In this work, the sensing capability of nitrogen doped graphene quantum dots (N-

GQDs) was explored for the first time towards hazardous heavy metal ions and found to be 

selectively detecting cadmium ions (Cd (II)), one of the hazardous heavy metal ions in the 

World Health Organization's list of 10 chemicals of major public concern. The aromatic N-

GQDs, synthesized through hydrothermal route using a single precursor polyaniline 

exhibited a 25 and 6-fold increase in the current response compared to that of a glassy 

carbon electrode (GCE) and GQD/GCE, respectively. Further, the reasons for the excellent 

selective sensing property of N-GQD were evaluated and discussed. The effective N doping 

seems to play a crucial role in the sensing performance of N-GQDs. The higher reducing 

capability of N-GQD attributed to the spontaneous reduction of Cd(II) on N-GQDs. Further, 

the sensing performance of N-GQD/GCE was extended to real environmental samples spiked 

with Cd(II) such as groundwater, seawater and wastewater efficiently. 

 

3.1 Introduction 
 

The toxic heavy metal ions are a class of contaminants which requires rigorous 

attention because of its inimical toxicity and widespread use(Saied, Zahir, and Siddique 2010; 

Sharma, Agrawal, and Marshall 2006; Shtepliuk et al. 2017). Because of this, cadmium (Cd), 

mercury, lead and arsenic etc. appear in the World Health Organization's (WHO) list of 10 

chemicals of major public concern. The wide use of Cd (II) in industrial applications 

including Ni-Cd rechargeable batteries, electroplating, cigarette smoke, industrial, 

agricultural fields and so on (Nordic Council of Ministers 2003) and the acute and chronic 

effects of Cd (II) on health such as reproductive failure, damage to the central nervous system, 

heart diseases, emphysema, hypertension, renal damage, DNA damage and cancer and on the 
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environment emphasis the need for the strict monitoring of Cd (II) in water sources. The 

maximum permissible limit of Cd (II) in drinking water is ≤ 5 ppb as per the U.S. 

Environmental Protection Agency (EPA)(Zazoua et al. 2018). Therefore, it is critical to 

develop and implement quantitative sensing methods to monitor these components in 

wastewater and drinking water. Currently, the detection and monitoring of the concentrations 

of these heavy metals including Cd (II) in the environmental samples, are done by analytical 

instruments(Ene, Boşneagǎ, and Georgescu 2010; Heidarieh et al. 2013; Saied, Zahir, and 

Siddique 2010) which are bulky, expensive, and complex to operate such as atomic absorption 

spectrometry, inductively coupled plasma emission or mass spectrometry, X-ray fluorescence 

spectrometry and neutron activation analysis. The electrochemical (EC) sensing is an 

appealing method because of its high inbuilt sensitivity, low-cost, trouble-free operation, 

rapid analysis and portability(Mhammedi et al. 2009), which requires a highly selective and 

sensitive electrode material because of the complexity of the environmental samples and the 

ultra-low concentrations (≤ 5 ppb) of Cd (II) that need to be detected. The previous reports 

of the selective EC sensing of Cd(II) by different materials include, polyphenol natural 

extracted from pomegranates and acorns with limit of detection (LOD) values of 0.01 and 0.1 

ppb, respectively(Zazoua et al. 2018),  SnO2   quantum  dots  with a detection limit of 500 ppb 

(Bhanjana et al. 2015), a metal-organic framework  and polyaniline (PANI) based material 

reported by Wang et al., with a 0.3 ppb LOD in the EC sensing of Cd (II) (Y. Wang et 

al. 2017), a coconut shell powder modified carbon paste electrode which showed a LOD  of  

105  ppb (Rajawat, Kumar, and Satsangee 2014),  a  benzenesulfonyl  hydrazide based 

electrode with a detection limit  of 0.015 ppb(Arshad et al. 2017) and kaolin platinum 

electrode (K/Pt) with a LOD of 0.604 ppb(Mhammedi et al. 2009). Though a few of the 

materials reported have sensitivity in the applicable concentration range, an ideal electrode 

material must have good selectivity in addition to simple synthesis procedure, low cost of 

production, environmentally benign along with desirable sensitivity. 

Here in this work, we have utilized a non-toxic, environmentally friendly material, N-

doped graphene quantum dots (N-GQDs) for the EC sensing of Cd (II). The N-GQDs were 

synthesized through a simple hydrothermal route from PANI using an earlier procedure from 

our group(Ramachandran, Arya Nair, and Karunakaran Yesodha 2019). There has been no 

report of the EC sensing studies of N-GQDs towards heavy metal ions and this is a first-time 
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report of the same. The GQDs are one of the evolving carbon-based nanomaterials(Joshi et 

al. 2016)with low cytotoxicity and biocompatibility and are anticipated as potential 

candidates in the fields of biosensors and bio-imaging devices. Graphene-based 

nanomaterials, more precisely the graphene quantum dots (GQD) got much attention. That is 

due to its exceptional characteristics from the synergistic effects of both graphene and carbon 

dots. Thus, the zero-dimensional GQDs holds higher surface area, reliable electrical 

properties, excellent photoluminescent features, low cytotoxicity and bio-compatibility. 

Hence, they are anticipated as appropriate candidates for biosensors, bio-imaging devices, 

photovoltaic devices, fuel cells and light-emitting diodes(Faridbod and Sanati 2018). The 

surface functionalization and heteroatom doping can alter its attributes by generating more 

active sites in it which further enhances the features and facilitate the suitability for these 

applications. Here, the N-GQDs with an efficient Nitrogen (N) doping ~10 % and aromatic 

structure have better electronic characteristics than that of GQDs because of the lowering 

band gap which enhances the availability of electrons and the conductivity of the material. 

Further, the doping increases the active sites in the N-GQDs and further enhances the 

conductivity and electrocatalytic activity and the crystalline (graphitic) structure also 

intensifies the conductivity, and together expected to facilitate better performance in EC 

sensing. Interestingly, the N-GQDs modified GCE (N-GQD/GCE) exhibited very high 

sensitivity towards Cd (II) with a limit of detection (LOD) of 0.00001 ppb, i.e., ppt range 

without pre-reduction step and that of with the pre-reduction step exhibited a LOD which is 

100 times lower ie., 0.0000001 ppb (in the ppq level). The LOD obtained from the slope of 

the LDR (without the pre-reduction step) was 0.0008 ppb (S/N=3), i.e.  in the ppt range, 

which is significantly lower than the safe limit (≤ 5 ppb).  Both the experimental as well as 

the calculated LOD values are the lowest reported till date for the Cd (II) sensing. The N-

GODs exhibited higher selectivity for Cd(II), with no interference from metal ions including 

Hg(II), Ag(I), Pb(II), Fe(II), Co(II), Ni(II), Zn(II), Sn(II), Cu(II) and Cr(VI) in the potential 

range of - 1.2 to - 0.4 V. The sensing performance was extended to real samples spiked with 

Cd (II) such as groundwater, seawater and wastewater, effectively. 
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3.2 Experimental Section 

3.2.1 Synthesis of N-GQD 
 

The procedure for the synthesis of N-GQDs by our group is reported(Ramachandran, 

Arya Nair, and Karunakaran Yesodha 2019) elsewhere in detail. PANI was used as the 

precursor and using a simple hydrothermal route, N-GQDs with aromatic and crystalline 

nature were obtained.  

The GQDs were synthesized from citric acid (1 mM) as the precursor and using a simple 

hydrothermal route at 180°C for 4 h. 

3.2.2 Preparation of electrodes for EC sensing 
 

The pre-treatment and modification of GCE were done according to the procedure 

given in the experimental chapter. The N-GQDs sample was drop cast over the cleaned GCE 

with care and then allowed to dry for 24 hours at the RT to achieve the modified electrodes. 

The coating thickness was optimized by trial and error by varying the drop casting volumes 

from 20-100 M.  

Further for the proof for the N-GQD-Cd interaction characterizations were carried out. 

The procedure for the preparation of the sample for the characterization is as described. The 

N-GQDs were mixed with CdCl2 solution and the product formed was washed well and dried. 

The real environment samples spiked with Cd(II) were prepared using one  groundwater, 

seawater from two different regions as well as one wastewater sample. The blank readings 

corresponding to each of the samples were carried out and the current response, if any, was 

subtracted from each result to obtain the values (corrected for blank). The corresponding 

recovery values as well as RSD were calculated. 

 
3.2.3 Electrochemical methods 

 

The EC behavior of various metal ions (Hg(II), Ag(I), Cd(II), Ni(II), Zn(II), Co(II), and 

Pb(II)) on the surface of the N-GQD/GCE was investigated using CV, DPV and 
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chronoamperometry at RT. 0.1 M PBS was used as the electrolyte for the studies.  

The pre-reduction studies are carried out by applying the reduction potential of -0.95 V 

prior to the oxidation sweep. Then the oxidation and reduction half cycles were carried out. 

3.3 Results and Discussions 

3.3.1 Synthesis and characterization of N-GQD 
 

The N-GQDs were synthesized using an earlier method reported by our group. The 

significance of this synthesis approach is the aromatic nature of the precursor PANI and the 

presence of N in situ, which facilitates the formation of N-doped GQDs without the need of 

additional doping agents which yielded aromatic and crystalline N-GQDs. The structure 

benefits N-GQDs as an electrode material due to the improved conducting properties and to 

act as a good reducing agent. A schematic of the synthesis of N-GQDs is exemplified in 

Figure 3.1A. The obtained N-GQDs were characterized using various techniques. 

The HRTEM images of the as-synthesized N-GQDs confirm that they have a fairly 

uniform and narrow size distribution (Figure 3.1B and C) ranging from 2 to 3 nm (Figure 

3.1D). The formation of N-GQDs was further confirmed through its absorption and emission 

characteristics which are in good agreement with the previous report(Ramachandran, Arya 

Nair, and Karunakaran Yesodha 2019). The peak at ~ 260 nm UV-Vis spectrum of N-GQDs 

(Figure 3.1E) is ascribed to the π–π* transition of the aromatic sp2 domains. The typical 

absorption peaks of graphene derivatives are in 200-300 nm. The effective N doping in N-

GQDs is attributed to the peak around 510 nm due to the n–π* transition. The 

photoluminescence characterization revealed that the N-GQDs is exhibiting an excitation-

dependent emission (Figure 3.1F). The quantum confinement effect (the size effect), is one 

of the most expansively accepted mechanism for the excitation-dependent emission, which 

is prominent in carbon-based nanomaterials of ≤ 5 nm size because the smaller size limits the 

formation of conjugated aromatic domains (isolated sp2 clusters) which are responsible for 

the excitation independent emission. The size of the N-GQDs obtained from the HRTEM 

images were ≤ 4 nm, and was in the range of 1.5 to 3.5 nm which supports the observed 

phenomenon of excitation-dependent emission. The combination of the non-formation of the 
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isolated sp2 clusters, and size lead bigger HOMO to LUMO energy gap and the size 

distribution causes broadened emission wavelengths in the range of 430–650 nm(Fu, Gao, 

and Zhi 2019) resulting in the observed excitation dependent emission. The strongest peak 

around 450 nm corresponds to the excitation at 340 nm with a Stokes shift of 110 nm and is 

responsible for the blue emission observed. The rapid decrease in the emission intensity with 

the increase in the excitation wavelength is a characteristic emission behavior of N-GQDs 

(luminescent carbon nanoparticles), which are in good agreement with the previous reports 

(Faridbod and Sanati 2018). The bluish emission confirms the oxygen-rich functionalities in 

the N-GQDs(Ramachandran, Arya Nair, and Karunakaran Yesodha 2019). The results 

confirm the formation and the structure of N-GQDs. 

The FTIR spectra of N-GQDs and PANI (Figure 3.1G) further confirms the formation 

of N-GQDs. The peaks at 3466 and 2916 cm-1 in the spectrum of PANI correspond to N-H 

and C–H stretching respectively. The peak at 1532 cm-1 corresponds to C-C stretching of the 

benzenoid ring. The C=C stretching is obtained at 1451 cm-1 and the C-N stretching 

corresponds to 1080 cm-1. In N-GQDs, a broad band at 3345 cm-1 is assigned to the combined 

effect of N-H stretching vibrations along with the –O-H stretching and the aromatic –C-H 

stretching. The peak around 2135 cm-1 indicates the presence of C=N functionality. The peak 

around 1637 cm-1 suggests the presence of amide functionality. The peak around 1331 cm-1 

corresponds to the C-N stretching vibrations. The peak around 1499 cm-1 is indicative of sp2 

bonded C-N. Thus, the results further confirm the formation of N rich N-GQDs. The XRD 

pattern of N-GQDs consists of sharp peaks which correspond to the crystalline nature of N-

GQDs. The 2θ = 23.3˚ and 43˚ corresponds to the (002) and (100) graphitic plane reflections 

(Figure 3.1H). The Raman spectra of N-GQDs consist of two peaks corresponding to 1322 

and 1529 cm-1 which were assigned to the D and G bands known for GQDs. The peak at 1003 

and 1108 cm-1 attributed to the C-C and C=C functional group vibrations and the peak at 1624, 

1938 cm-1 corresponds to C-O/C=O vibrations (Figure 3.1I)(Ramachandran, Arya Nair, and 

Karunakaran Yesodha 2019). 
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Figure 3.1. (A) Schematic of the synthesis of N-GQDs along with the digital images of the aqueous 

dispersion/solution of PANI and the N-GQDs; (B) and (C) The HR-TEM images of the synthesized 

N-GQD; (D) The size distribution of the synthesized N-GQD as obtained from HR-TEM; (E) The 

UV-Vis spectrum of N-GQDs (Inset: (E) digital images of PL of the N-GQDs under normal light and 

at UV (365 nm) irradiation); (F) Dependence of the PL spectrum of N-GQDs on the excitation 

wavelength from 300 to 560 nm; (G) The FTIR spectra of N-GQDs and PANI; (H) The XRD 

diffractogram and (I) The Raman spectrum of N-GQDs. 

3.3.2 EC sensing studies of N-GQD towards heavy metal ions 
 

The preliminary EC sensing property of N-GQD/GCE was studied using the toxic 

heavy metal ions Cd(II), Hg(II), Ag(I), Pb(II), Fe(II), Co(II), Ni(II), Zn(II), Sn(II), Cu(II)and 

Cr(VI). It was observed that the N-GQD/GCE exhibited current response for Cd(II) alone and 

no peak was observed for any of the other metal ions. Therefore, further the sensing of Cd(II) 

by N-GQDs was studied in detail. The CVs obtained by varying the concentrations of N-

GQD from 20 to 100 L is given in Figure 3.2A. It can be seen that an optimum result was 

obtained for the concentration of 20 L of N-GQDs, with a better CV curve of comparatively 
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lower redox peak separation. Further increase in the concentration of N-GQD (40 to 100 L), 

resulted in a higher separation between the redox peaks and the reduction peak shifts to a 

higher potential value. Hence a 20 L concentration of N-GQD was taken for the 

modification of GCE, using which the further studies were carried out. The CV profile for 

the EC sensing of 1 mM Cd (II) on bare GCE, N-GQD/GCE, GQD/GCE, (Figure 3.2B), 

shows that the current response on N-GQD/GCE is ~ 25, 7 and 6 times higher than that of 

the bare GCE, PANI/GCE, and GQD/GCE, respectively which is apparent of the superior EC 

sensing of Cd (II) by the N-GQDs. The enhancement in the current response is possibly due 

to the synergistic effect of the increased conductivity of N-GQDs due to the graphene 

structure (sp2 hexagonal skeleton) and the hetero N- atom doping which enhances the 

conductivity and the electrocatalytic property. The oxidation peak in the anodic sweep 

suggests that Cd(II) is in the reduced form Cd(0) and is attributed to the reducing capability 

of N-GQD to Cd(0). The synthesized N-GQDs contains aromatic basal plane enriched with 

N atoms, in the form of graphitic-N, pyrrolic-N, pyridinic-N and in addition has side 

functionalities such as -NH2, –OH, -COOH, -CONH2 etc. Most of the nitrogen 

functionalities scan act as reducing agents since they contain a lone pair of electrons which 

can be donated to Cd(II). On the other hand, the C-Cd linkages formed can be resonance 

stabilized by donating the lone pair on N. The positive charges created by the donation of 

electrons are highly resonance stabilized by the electron releasing groups in the aromatic 

skeleton of N-GQDs. Thus the electron-rich environment of N-GQDs can act as a good 

reducing agent of Cd(II), thus spontaneously reducing Cd (II) to Cd(0) on N-GQDs. Further 

by varying the concentration of Cd(II) to higher concentrations, (2 to 10 mM), the current 

response become saturated (Figure 3.2C and 3.2D). This observation backing the spontaneous 

reduction of Cd(II) on N-GQDs. These observations are in good agreement with the results 

obtained from FTIR, Raman and XPS studies. This is the reason why an oxidation peak is 

observed in the anodic sweep without a pre-concentration step. 

The effect of solution pH on the electrochemical sensing of Cd(II) on N-GQDs were 

studied using both CV and DPV  in the range of 2-12. The Figure 3.2E and 3.2F shows that 

there is a gradual increase in the peak current with decrease in acidity (pH 2-6) and become 

maximum at the neutral pH (7) which again gradually decreases with the increase in the basic 
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pH (8-12). This can be explained with respect to the protonation–deprotonation properties of 

Cd (II). From pH, 2-6, N in N-GQDs acquires higher Lewis base nature thus the interaction 

between Cd(II) and the N in N-GQDs got affected since Cd(II) is of soft acid character it 

interacts with soft bases more. The Cd(II) has the tendency to form cadmium hydroxy species 

[(Cd(OH)+ ] which has a tendency to adsorb preferentially over the Cd(II) ion(Osmond et al. 

1994). At higher pH values, the formation of (Cd(OH)+  species is more feasible. Hence at 

higher pH, the effective concentration of Cd(II) in the electrolyte become less and thus lower 

current responses are obtained. 

 

 

Figure 3.2. (A) The CV scans obtained by varying the drop casting volumes of N-GQDs for 1 mM 

Cd(II) on N-GQD/GCE; (B) The CV for 1mM Cd (II) in 0.1 M PBS on (a) Bare GCE (b)N-

GQD/GCE; (c) PANI/GCE; and (d) GQD/GCE at the scan rate of 50 mV/s; (C) & (D) The CV and 

DPV scans obtained for higher concentrations of Cd(II) on N-GQD/GCE from 2 to 10 mM showing 

the current response reaching the saturation at higher concentrations; (E) & (F) The CV and DPV 

scans obtained for 1mM Cd(II) on N-GQD/GCE by varying the pH of the electrolytes from 2 to 12. 

 

3.3.3 Sensitivity, LDR and LOD 

 
In order to investigate the efficiency of N-GQDs as an electrode for the quantitative 

sensing of Cd (II), the current response with the increasing concentration was examined by 

varying the concentration of Cd (II) from 10-13 to 10-3 M. The result (Figure 3.3A) shows that 
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the current responses increased with the increase in the concentration of Cd (II). The LDR 

obtained for Cd (II) sensing is depicted in Figure 3.3B. The concentration ranges, 10-11 to 10-

3 M (0.00001 to 1000µM) fits into two linear ranges. The concentration range of 10-11 to 10-

4 M ((0.00001 to 100 µM) falls into the first linear range with a correlation coefficient (R2) 

of 0.995 and the second linear range corresponds to the concentration ranges 2×10-4 to 10-3 

M ((200 to 1000 µM) with a R2 of 0.976. The corresponding linear regression equations can 

be expressed as, the oxidation peak current [Ipa (μA)] = 0.2524x (μM) + 0.0201 (R2 = 0.9950) 

and Ipa (μA) = 0.0052x (μM) + 24.1013 (R2 = 0.9760) respectively.  The sensitivity 

values corresponding to these LDR are 3.570 and 0.074 µAµM-1cm-2, respectively. The 

calculated LOD from the lowest concentration range of LDR is 7.12×10-12 M, i.e. 0.0008 ppb 

(S/N=3). Whereas the experimental LOD obtained for Cd (II) on N-GQDs is 10-13 M, i.e. 

0.00001 ppb (Inset of Figure 3.3C). The values obtained are for that without the pre-reduction 

step and further the LOD was measured after pre-reduction and the N-GQDs exhibited a LOD 

of 10-15 M which corresponds to 0.0000001 ppb, i.e. 0.01 ppq (inset of Figure 3.3E). Further, 

in order to validate the LOD and the corresponding current response, the concentration was 

gradually increased from (10-13 to 10-9 M and 10-15 to 10-9 M for the studies without pre-

reduction and with pre-reduction, respectively), and the result (Figure 3.3C and 3.3D) is 

evident of the reproducibility of the current response. The corresponding increase in the 

current response with pre-reduction is ~ 20%. 

Table 3.1 compares the analytical performances of N-GQD/GCE with the various 

reported EC Cd (II) sensors based on the LOD values and the LDRs. The Cd(II) sensing 

studies were carried out with either stripping voltammetric techniques(J. Li et al. 2009; L. Li 

et al. 2018; Rajawat, Kumar, and Satsangee 2014) or without the pre-concentration step 

(Bhanjana et al. 2015; Dai et al. 2016; Y. Wang et al. 2017; Chamjangali et al. 2015). A SnO2 

QDs has been reported to have a LOD of 500 ppb with corresponding linear concentration 

range falls in the 10000-45000 ppb concentration range. The fabricated sensor exhibited a 

sensitivity of 77.5×102 nA ppm-1 cm-2(Bhanjana et al. 2015). A phytic acid functionalized 

polypyrrole/graphene oxide-based sensor exhibited a LOD of 2.1 ppb with a linear range of 

5–150 ppb(Dai et al. 2016). A metal organic framework Cd(II) sensor was reported with a 

linear detection in the concentration range of 0.5–600 ppb and LOD of 0.3 ppb(Y. Wang et 
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al. 2017), a MWCNT/poly (pyrocatechol violet) modified electrode with LOD of 0.2 ppb 

exhibited a linear range of 1–300 ppb (Chamjangali et al. 2015) and a glutathione 

functionalized magnetic nanocomposite shows a LOD of 0.17 ppb with a LDR of 0.5-100 

ppb(Baghayeri et al. 2018). Thus, it is clear that the LOD value of 0.00001 ppb by N-GQDs 

is the lowest and is 3-4 magnitudes lower than the previously reported values. The LDR 

ranges obtained covers a wide range starting from nM to mM (0.00001 to 1000 µM, i.e. 0.001-

112000 ppb). The fabricated sensor exhibited a good sensitivity of 3.570 µAµM-1cm-2. Table 

3.1 shows that the performance of the N-GQD/GCE is better in terms of sensing property and 

detection limit compared to that of the previous Cd(II) sensor reports with the lowest LOD 

and a better LDR. The simplicity of the material and the extortionate sensing and selectivity 

of N-GQDs make it a potential material for practical applications. 
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Figure 3.3. (A) The DPV responses of Cd (II) on N-GQD/GCE from 10-13 to 10-3 M; (B) The LDRs 

obtained for the sensing of Cd(II) on the N-GQD/GCE for the concentration range of 10-11 to 10-3 M 

(0.001 to 112000 ppb); (C and D) The DPV response of Cd (II) on N-GQD/GCE for the concentration 

range of 10-13 to 10-9 M; and that of with pre-reduction from 10-15 to 10-9 M, respectively; (Insets C 

and D: DPV response without pre-reduction and with pre-reduction in 0.1 M PBS (a) absence of Cd 

(II) and (b, c) in the presence of 0.1 and 1 pM Cd (II), respectively; and the DPV response of the N-

GQD/GCE in 0.1 M PBS (a) in the absence and (b, c) in the presence of 1 and 10 fM Cd (II), 

respectively). 

Table 3.1. Comparison of the LOD of N-GQD/GCE with that of the literature reports of EC Cd (II) 

sensors. 

 

Materials/

Electrodes 

With/Without 

Pre reduction 

LOD 

(ppb) 

LDR 

(ppb) 

Reference 

Glutathione 

functionalized 

magnetic 

nanocomposit

e 

(GSH@Fe3O4) 

With pre 

reduction 

0.172 0.5-100  
 

(Baghayeri 

et al. 2018) Without pre 

reduction 

NA - 

N-doped 

carbon 

quantum 

dots-

graphene 

oxide 

hybrid 

(NCQDs

-GO) 

With pre 

reduction 

7.45 5.62-5620  
 

(L. Li et al. 

2018) Without pre 

reduction 

NA - 

SnO2  

quantum dots 

With pre 

reduction 

NA -  
 

(Bhanjana 

et al. 2015) 
Without pre 

reduction 

500 10000-

4500 

0 

MOF With pre 

reduction 

0.3 0.5-600 (Y. Wang 

et al. 2017) 

Without pre 

reduction 

NA  

Reduced 

graphene 

oxide (rGO) 

and carbon 

nanotube 

(CNT) 

composite 

With pre 

reduction 

0.6 20-200  
 

(Xuan and 

Park 2018) Without pre 

reduction 

NA - 
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MWCNT/poly 

(pyrocatechol 

violet) (PCV) 

With pre 

reduction 

0.2 1-300  
 

(Chamjanga

li et al. 

2015) 

Without pre 

reduction 

NA - 

Phytic acid 

functionalized 

polypyrrole/gr

aphene oxide 

(PA/PPy/GO) 

With pre 

reduction 

NA -  

(Dai et al. 

2016) Without pre 

reduction 

2.1 5–150 

Chemically    

modified 

glassy carbon 

spheres 

With pre 

reduction 

22.48 112.4–

1124 
 

(Raghu 

2012) Without pre 

reduction 

N  

Thiomorpholine

-functionalized 

nanoporous 

mesopore 

With pre 

reduction 

 

67.4 

112.4 

- 

11240

00 

 

(Ganjali and 

Asgari 

2010) 

Without pre 

reduction 

NA  

Poly(4-

vinylpyridine-

co-aniline) 

(poly(4VP-co-

Ani))-based 

solid-state ion 

sensor 

With pre 

reduction 

NA   
 

(Lim, Ling, 

and Ghani 

2013) 

Without pre 

reduction 

 

89.2 

112.4 - 

11240000 

Amino-

calixarene-

derivatized 

graphitic 

carbon 

electrode 

With pre 

reduction 

0.0003 0.0011-

0.01 
34 

 

(Adarakatti 

and 

Malingappa 

2016) 

Without pre 

reduction 

NA  

N-GQD With pre 

reduction 

0.0000

00 

1 

  
 

Our Result 
Without pre 

reduction 

0.0000

11 

0.001-

1120 

00 

*NA- Not available 
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3.3.4 Evidence for Cd(II) and N-GQD interaction 

In order to understand the interaction between N-GQDs and Cd (II), the N-GQDs 

were mixed with CdCl2 solution and the product formed was washed and dried. The N-GQD-

Cd was analyzed using FTIR, Raman spectroscopy, XRD and XPS. The FTIR spectra of the 

N-GQD-Cd and N-GQDs are shown in Figure 3.4A. The FTIR spectrum of N-GQD-Cd has 

an additional peak from that of the N-GQDs, at around 1741 cm-1, which is attributed to 

metal-carbon stretching frequency. The Cd (II) may bond more towards the hetero atom 

linked C bonds due to its comparatively electron rich nature. There is also an observed shift 

of wavenumbers towards the lower regions(Shah et al. 2019). The peak shift towards the 

lower wavenumber side implies that the mass of that bond is increased. That observation 

supports the interaction of Cd (II) on N-GQDs and it confirms the bonding of atoms with Cd. 

The peak corresponding to the -C=O stretching frequency in N-GQDs at 1637 cm-1 shifted to 

1567 cm-1 in N-GQD-Cd shall possibly be due to the Cd linkage to the carbonyl carbon. The 

C-C stretching vibrations of pyridine are assigned to the band at 1499 cm-1 in N-GQDs and 

were shifted to 1399 cm-1 in N-GQD-Cd due to the bonding between the pyridinic C and Cd. 

The reduction in the intensity of the C=N peak at 2135 cm-1 in the FTIR spectrum of N-GQD-

Cd suggests the interaction of Cd(II) with the N-GQDs through these linkages. However, the 

peaks corresponding to N-GQDs functionalities are retained in the N-GQD-Cd spectrum 

indicating the stability of the N-GQDs. There are similar observations in the Raman spectrum 

of N-GQD-Cd (Figure 3.4B) as well, two additional peaks corresponding to Cd-C and N-Cd 

linkage at ~1820 and 900 cm-1 were observed compared to that of the N-GQD, in addition to 

the peak corresponding to the N-GQDs. The XRD pattern (Figure 3.4C) of N-GQD-Cd retains 

the peaks of N-GQDs at around 2θ = 23˚and 43˚, corresponding to the (002) and (100) 

graphitic planes with d-spacings of 3.85 and 2.09 A°, respectively(Ramachandran, Arya Nair, 

and Karunakaran Yesodha 2019). In addition, N-GQD-Cd shows peaks at around 2θ = 10˚ 

and 15˚, corresponding to the d-spacings of 8.75 and 5.89 A°, respectively, which can be 

assigned to the (110) and (202) planes of N-GQD-Cd complex(Thukral et al. 2014). While 

comparing the XRD diffractograms of N-GQDs and N-GQD-Cd, it is clear that the intensity 

and position of graphitic peaks remains same for N-GQDs and the N-GQD-Cd, suggesting 

the unaltered structure and crystallinity of N-GQD after the addition of Cd(II). Thus these 
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results indicate the interaction between N-GQD and Cd(II) through N and also the hetero 

functional C in the aromatic basal plane. The XPS survey spectrum further confirms the above 

observations. The survey scan spectrum of the N-GQD (Figure 3.4D), which revealed the C1s 

peak at ~ 284.5 eV, O1s peak at ~ 530.5 eV and N1s peak at ~ 400.5 eV. Along with these 

peaks in the survey scan spectrum of the N-GQD-Cd, Figure 3.4E, a pronounced Cd 3d peak 

at ~ 411.8 eV was observed. The high resolution XPS spectra of N1s in N-GQDs indicates 

the presence of pyridinic (~398.7 eV), pyrrolic(~ 400.2 eV), graphitic (~400.7 eV) and 

oxidized pyridinic (~ 402.3 eV) N species (Figure 3.4G)  and that of C1s  spectrum of the N-

GQDs revealed the presence of C-C/ C=C (284.7 eV), C-O (286.4 eV), C=O (287.9 eV) O-

C=O (290 eV), C–N (~ 285.8 eV) and C=N (287 eV) (Figure 3.4F) functional groups. Where 

as in the high resolution XPS spectra of C1s as well as N1s of N-GQD-Cd (Figure 3.4I & J), 

the peaks correspond to the C-N, C=N, C-O, O-C=O, pyridinic-N, and Pyrrolic-N etc are not 

observed and there is a huge reduction in the intensity of the peaks obtained and is possibly 

due to the formation of new bonds between C and N with Cd. The linkage between C 

functionalities (C-O, C=O etc) with Cd reduces the intensity of these functionalities instead 

new C-Cd peaks will be formed. Similar observations are there in the case of N functionalities 

and the new N-Cd species is formed which is clear from the high resolution XPS spectrum 

of Cd. These observations agree to the FTIR and Raman observations. The variation in the 

peak characteristics suggests the interaction among Cd, C and N functionalities. The doped 

N have profound capability in the Cd binding/sensing as it is evident from the huge 

incongruity in its peak characteristics. From the high resolution C1s and N1s XPS spectra of 

N-GQDs and N-GQD-Cd, the decrease in intensity of C-hetero (N and O) based 

functionalities or groups are evident, whereas the peak corresponding to basic C=C skeleton 

remains unchanged. The result indicates the higher interaction of Cd towards the C linked 

with N or O-atom or directly to the hetero-atoms. Thus, the hetero atom doping has a profound 

effect in the selective sensing of Cd by N-GQDs, the lower response of GQDs to that of N-

GQDs supports the observation. The high-resolution Cd 3d spectrum display two 

characteristic peaks of Cd 3d5/2 and Cd 3d3/2 centered at 404.8 and 411.9 eV respectively 

indicates the Cd (II) states [54] (Figure 3.4H). The obtained peak positions are having a shift 

towards the lower binding energies (BE) of 404.8 and 411.9 eV from that of 405.1 and 412 
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eV which corresponds to 3d5/2 and Cd 3d3/2 of Cd (II) state. The lowering of BE is an indication 

of lowering of oxidation state(Aswathi and Sandhya 2018). This is attributed to the 

spontaneous reduction of Cd (II) to Cd (0) on the surface of N-GQDs, which in turn confirms 

the spontaneous reduction of Cd (II) by N-GQD. The enhanced reducing property of N-GQDs 

is owing to the effective N doping. Thus, the XPS and FTIR results indicate that the N-doping 

has an important role in the sensing properties of N-GQDs and is supported by the fact that 

N-GQDs does show enhanced sensitivity towards Cd (II) to that of the undoped GQDs. The 

higher selectivity of N-GQDs towards Cd(II) may possibly be due to the affinity between 

Cd(II) and  N.  The softness/hardness of metal ions is seen as a useful parameter to explain 

the affinity between metal ions and ligands. It is generally agreed that soft metals acids have 

higher affinities for soft bases (ligands). Though N-functionalities are considered relatively 

hard bases, the N containing aromatic heterocyclic as well as N attached aromatics rings are 

termed as soft bases due to the resonance of electrons in the aromatic ring. Hence N based 

functionalities in the N-GQDs which are pyridinic, pyrrolic etc and are soft in nature(Lim, 

Ling, and Ghani 2013). It is shown that the N-GQDs is enriched with N based hetero atom 

functionalities such as pyridinic, pyrrolic etc(Ramachandran, Arya Nair, and Karunakaran 

Yesodha 2019). Thus, these pyridinic, pyrrolic groups can have a better interaction towards 

the soft acid Cd(II) through C and N linkages than that to Pb(II), Co(II), Cu(II), Zn(II), Cr(VI) 

etc., which are of moderate to high hard acid characteristics(Lim, Ling, and Ghani 2013). 

Thus this higher affinity of N containing heterocyclic aromatic systems towards Cd(II) 

compared to other (studied) metal ions, may be the reason for the selectivity of the N-GQD 

towards Cd (II). Thus, the selectivity of N-GQDs towards Cd(II) and not Pb(II) and other 

similar metal ions shall be assigned to the structure, the aromatic nature and the functionalities 

of N-GQDs. 
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Figure 3.4. (A, B and C) The FTIR, Raman and the XRD diffractograms of N-GQD and N-GQD-Cd, 

respectively; (D and E) The XPS (Survey) spectra of N-GQDs and N-GQD-Cd, respectively; (F and 

G) The high resolution XPS spectra of the C 1s and N 1s of N-GQD; (H, I and J) The Cd 3d, C 1s and 

N 1s high resolution XPS spectra of N-GQD-Cd. 

A schematic of the sensing of Cd(II) on N-GQD/GCE and enhancement in the current 

response is shown in Figure 3.5. As mentioned earlier, the N-GQD/GCE did not require a 

separate pre-reduction step prior to achieving the oxidation peak of Cd(0) to Cd(II) in the N-

GQD/GCE, as the nonbonding electrons mainly from N-atom (doped) and the aromatic π 

electrons can reduce Cd(II) to Cd(0) on N-GQD. Thus, on the surface of N-GQD/GCE, Cd(II) 

will undergo reduction to give Cd(0) which on the application of an EC potential results in 

the corresponding redox peaks; which is illustrated in the figure. 

 

 
 

Figure 3.5. The schematic diagram showing the modification of GCE with the N-GQDs and the 

resultant enhanced sensing of Cd(II) in CV 



96 
 

3.3.5 Scan rate Study 
 

The CV profile at different scan rates without and with pre-reduction is shown in 

Figure 3.6A and 3.6B, respectively. A linear fit of current response Vs. scan rate corresponds 

to adsorption-controlled process whereas that of current response Vs square root of scan rate 

corresponds to a diffusion-controlled process(Aswathi and Sandhya 2018). The studies are 

carried out by varying the scan rate values from 10 to 1000 mV/s for both with and without 

pre-reduction Figure 3.6C-3.6F. With pre-reduction, the R2 values are 0.8668 and 0.9368 for 

the current responses Vs scan rate; for the anodic and cathodic peak currents, respectively, 

and the R2 values are 0.9205 and 0.9665 for the current response Vs square root of scan rate; 

for the anodic and cathodic peak currents, respectively (Figure 3.6D and 3.6F respectively). 

The result suggests that the system is governed by a diffusion-controlled process as it is giving 

a better fit with R2 = 0.9205 and 0.9665 for the pre-reduction studies. The shifting of CV 

peaks with increasing the Cd(II) concentration is the clear reflection of diffusion-controlled 

process, which is in agreement to the above observation. The corresponding graphs of without 

and with pre-reduction studies are demonstrated in Figure 3.6. 
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Figure 3.6.(A) and (B) CV profiles of the N-GQD/GCE in 0.1 M PBS containing 1 mM Cd 

(II) at various scan rates (10-1000 mV/s) without and with pre-reduction respectively; (C) 

and (D) Calibration plots of cathodic and anodic peak current Vs. scan rate for without and 

with pre-reduction respectively; (E) and (F) Calibration plots of cathodic and anodic peak 

current Vs. square root of scan rate for without and with pre-reduction respectively. 

 

3.3.6 Mechanism of sensing of Cd(II) by N-GQD 

The enhanced sensitivity of N-GQDs towards Cd(II) shall be assigned to the 

better electrocatalytic activity and electronic conductivity of N-GQD/GCE. As 

mentioned earlier, the hetero atom doping from the precursor incorporates N atoms 
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into the hexagonal sp2 graphitic aromatic rings without disrupting the aromatic 

structure. The incorporation of aromatic pyridinic, pyrrolic N functionalities in the 

sp2 hexagonal plane resulted in an increased reactive surface area than that of the 

GQDs. The pyridinic, pyrrolic N functionalities along with the edge hydrophilic 

group provide an efficient electron cloud which enhances the electronic properties 

of N-GQDs as compared to that of GQDs and PANI which is evident from the multi-

fold increase in the current response by N-GQDs. The N-doping incorporates N into 

the aromatic lattices without disturbing its honeycomb structure gives a strong 

aromatic basal plane enriched with the charge carriers. The π-electrons from the 

graphene structure and the non-bonded electrons from the hetero atom N provide the 

electron rich environment for the system. Thus, due to the enrichment of electrons 

in the system as a whole, the HOMO-LUMO band gap in N-GQDs decreases. 

As the relationship between band gap and conductivity are inversely 

proportional, the conductivity of N-GQDs increases. Thus, the higher sensitivity of 

N-GQDs is assigned to the better electron transfer ability and conductivity which in 

turn facilitates the electrocatalytic activity of N-GQDs. The electron transfer ability 

of the N-GQD/GCE, GQD/GCE and bare GCE were studied by EIS and the results 

are given in Figure 3.7. From the EIS plots, it can be seen that the diameter of the 

semicircles are in the order of bare GCE (66 kΩ) > GQD/GCE (20 kΩ) >N-

GQD/GCE (3.81 kΩ) which suggest that the charge transfer resistance (Rct ) is lowest 

for N-GQD/GCE compared to GCE and GQD/GCE. The N-GQD/GCE has the 

lowest Rct compared to that of GQD/GCE and to that of bare GCE. Thus, the result 

indicates the better charge-transfer property of N-GQD which is assigned to the 

comparatively better electron transfer ability of the N-GQD/GCE. 



99 
 
 

 

Figure 3.7. The Electrochemical impedance spectra of bare GCE, GQD/GCE and N-

GQD/GCE. 

The selectivity offered by N-GQDs towards Cd(II) shall possibly be due to 

the presence of N hetero atom functionalities such as pyridine, pyrrole etc. in the 

aromatic plane through doping. In most of the reported heavy metal ion sensors, a 

pre-deposition step is conducted to deposit the metal ion in its reduced state on the 

modified electrode which then undergoes oxidation while applying the oxidation 

potential, in the CV. But in this study the modified electrode, N-GQD/GCE, is giving 

both oxidation and reduction peaks for Cd(II) without any pre-deposition step 

(oxidation sweep being run first). This implies that Cd(II) got reduced spontaneously 

on N-GQDs and indicates that N-GQDs can act as a reducing agent, and donate 

electrons to Cd (II) to form Cd (0). The morphological characterizations of N-GQDs 

and N-GQD-Cd are done through SEM analysis (Figure 3.8A & 3.8B). The SEM 

elemental mapping results of the N-GQD-Cd and the N-GQDs are shown in Figure 

3.8C-F, respectively. The SEM images clearly show the distribution of Cd on the 

surface of N-GQDs, which indicates the specific interaction of N-GQDs and Cd. 

This is possibly due to the spontaneous reduction of Cd(II) on the surface of N-

GQDs through the N-functionalities. Further the elemental mapping result (Figure 

3.8D) clearly shows the presence of Cd. 
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Figure 3.8.(A) and (B) The SEM images of the synthesized N-GQD and N-GQD-Cd 

respectively; (C)-(F) SEM elemental mapping results of N-GQD-Cd revealing the 

distribution of C, Cd, N and O. 

3.3.7 Selectivity and Interference Studies 
 

    The selectivity and sensitivity are the two significant parameters which act 

as the criterion for the practical applicability of a sensor. Since N-GQD/GCE 

exhibited remarkable sensitivity (3.570 µAµM-1cm-2), exploring its selectivity 

towards Cd(II) is vital. The CV profile of Cd(II) in a   mixture containing other metal 

ions (Hg(II), Ag(I), Pb(II), Fe(II), Co(II), Ni(II), Zn(II), Sn(II), Cu(II) and Cr(VI) ) 

of 1x concentrations of Cd(II) (Figure 3.9A) showed that N-GQD/GCE is highly 

selective towards 1 mM Cd(II) in the chosen potential range of -1.2 to - 0.4 V and 

the current response is similar to that obtained in the absence of the metal ions (~ 23 

± 0.25 µA for 1 mM Cd(II)). The result is an indication of the ultra-selectivity of N-

GQDs towards Cd(II) in the potential window of -1.2 to - 0.4 V and is portrayed in 

the bar diagram (Figure 3.9B). Further, the result of the interference studies by 

chrono-amperometric technique at a fixed operational potential of - 0.85 V, (Figure 

3.9C), showed nil current responses for the other metal ions and TNP (1000 x 

concentration to that of Cd(II)), TNP was tested, as an earlier work from our group 

showed sensing property for N-GQDs towards TNP in the reduction scan [23]. 

Inspired by this result, the interference study was repeated at the lower concentration 

of Cd(II) i.e., 10-15 M and other species at 10-3 M concentration (1012 x) to that of 
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Cd(II). The result (Figure 3.9D) is evident of the ability of N-GQDs to sense Cd(II) 

at the ultra-low-level concentration of Cd(II) without any interference from the other 

metal ions, which showed current response only for Cd(II). 

  
 

Figure 3.9. (A) and (B) Selectivity studies of N-GQD/GCE towards 1 mM Cd (II) in the 

presence of various analyte species with 1 mM concentration for each; (C) Interference 

studies of N-GQD/GCE for the detection of 5 and 10 µM Cd (II) in the presence of other 

metal ions in 1 mM concentration; (D) Interference studies of N-GQD/GCE for the 

detection of Cd(II) at 1 fM concentration in the presence of other metal ions in 1 mM 

concentration. 

3.3.8 Reusability, Reproducibility and Stability Studies 

 
In addition to selectivity and sensitivity, the practical applicability of an 

electrode depends on its reproducibility, reusability and stability. The reusability of 

the N-GQD/GCE electrode was scrutinized by comparing the peak currents for 1 

mM Cd(II) on N-GQD/GCE (Figure 3.10A) before and after multiple washings and 

showed ~ 96% retention after 3 times of washing. The stability studies conducted 

after one- and three-months’ time, retained ~ 87% and ~ 70% of the initial current 

response, respectively, which is depicted in Figure 3.10B. For reproducibility 
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studies, the current responses of five different electrodes towards 1 mM Cd (II) were 

examined. The relative standard deviation (RSD) of the peak currents of these 

individually prepared electrodes was found to be 2.26 % which specifies its 

reproducibility (Figure 3.10C).  

3.3.9 Environmental sample studies 
 

Further, the studies were extended to real environment samples spiked with 

the analyte such as groundwater, seawater from two locations, and wastewater. The 

recovery values of all the four samples are in the range of 100.28-102.23%. The 

LOD (10-13 M) values obtained in these samples as electrolyte (Figure 3.10D-F) were 

the same as that obtained in PBS. The results thus show the impressive potential of 

N-GQD/GCE in sensing of Cd (II) in real water samples with no interference and are 

an indication of the selectivity of N-GQD/GCE for Cd (II). The recovery information 

in real samples is summarized in Table 3.2. The DPV response obtained using real 

water analyses is given in Figure 3.10G. 

 

Figure 3.10. CV scans obtained for 1mM Cd(II) on N-GQD/GCE (A) after immediate 

washing for three times showing the reusability; (B) after 1and 3 months of storage showing 

the stability and (C) The peak current of five independently coated electrodes showing 

reproducibility of N-GQD/GCE; The DPV response of LOD of Cd(II), 10-13 M on N-

GQD/GCE using real samples as electrolytes (D) Groundwater as electrolyte (a) in the 

absence and (b) in the presence of 10-13 M Cd(II); (E) Seawater samples 1 and 2 as electrolyte 

(a) in the absence and (b) and (c) in the presence of 10-13 M Cd(II), respectively; (F) 

Wastewater as electrolyte (a) in the absence and (b) in the presence of 10-13 M Cd(II); The 

DPV response of Cd(II) on N-GQD/GCE for the concentration of 10-6 M (a) in 0.1 M PBS, 

(b) spiked seawater 1, (c) spiked seawater 2, (d) spiked wastewater and (e) spiked 
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groundwater 

 

Table 3.2. The recovery test results of Cd (II) in environmental samples 

Sl 

No. 

Cd(II) 

Spiked 

(µM)) 

Environm

ental 

Samples 

Cd(II)  

found  

(µM)) 

Recovery 

(%) 

RS

D 

(%) 

1         

0.5 
Groundwater 0.5014 100.28 0.19 

Seawater 1 0.5041 100.82 0.57 

Seawater 2 0.5040 100.80 0.56 

Wastewater 0.5067 101.34 0.94 

2 1 Groundwater 1.0084 100.84 0. 59 

Seawater 1 1.0111 101.11 0.78 

Seawater 2 1.0140 101.40 0.98 

Wastewater 1.0217 102.17 1. 51 

3 2 Groundwater 2.0104 100.52 0.36 

Seawater 1 2.0331 101. 65 1.16 

Seawater 2 2.0360 101.80 1.26 

Wastewater 2.0447 102.23 1. 56 

 

3.4 Conclusion 
 

Here in this work, we have successfully demonstrated for the first time, the 

ultra-high sensitivity and selective EC sensing of Cd(II) by N-GQDs. Interestingly 

it can detect Cd(II) up to 1 × 10-5 ppb which can be drawn-out further to 1 × 10-7 ppb 

(ppq) with pre-reduction. The effective N-doping, which is attributed to the synthesis 

procedure, seems to play a crucial role in the sensing performance of N-GQDs which 

spontaneously reduces Cd (II), mostly through the N-sites. Further, N-doping 

increases the electron availability of N-GQDs which in turn increases the ability of 

N-GQDs to reduce Cd (II). It was observed that the N-GQD-Cd interactions mainly 

happen through the hetero atom sites. Thus, this work has established a simple, as 

well as environmentally friendly material for the sensing of Cd (II) with remarkable 

selectivity and sensitivity. The N-GQDs modified electrode exhibits good 

reproducibility, reusability and stability. Moreover, the sensor has extended the 

performance to real samples such as groundwater, seawater and wastewater. The 

result is evident of the applicability of N-GQDs as a potential Cd (II) sensor material. 
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CHAPTER 4 

White Emissive Sulfur Co-Doped Nitrogen-

Graphene Quantum Dots as a Versatile 

Electrochemical Sensor for Heavy Metal Ions 

Cd(II), Pb(II), and Hg(II) 

 

A white emissive sulfur co-doped nitrogen-graphene quantum dots (S,N-GQDs) 

was synthesized from polyaniline using sulfuric acid as an acid catalyst and S-doping 

agent. The S,N-GQDs, for the first time, exhibited simultaneous sensing towards three 

of the top ten toxic metal ions: Cd(II), Pb(II), and Hg(II) with highly sharp peaks and 

adequate peak-to-peak separation. The sensitivity and selectivity studies of S,N-

GQD/GCE were carried out and the results were discussed. A mechanism for the 

enhanced and simultaneous sensing of the S,N-GQD towards Cd(II), Pb(II), and Hg(II) 

has been proposed based on the evidences obtained for S,N-GQD-metal ion interaction. 

The sensing studies were extended to real water samples such as ground water, sea 

water, and waste water to confirm the applicability of the sensor in real environmental 

samples 

 

4.1   Introduction 

Graphene quantum dots (GQDs) are highly versatile materials due to their 

unique combination of properties such as higher surface area, solution 

processability, conductivity, photoluminescence, and bio-compatibility(M. Li et al. 

2019). The GQDs with tunable fluorescent emission can be an excellent alternative 

for the toxic fluorescent semiconductor nanocrystals and organic compounds in 

sensing, catalysis, imaging, etc, due to their biocompatibility(G. Wang et al. 2018)-

(Zihao Wang et al. 2020). Doping of GQDs with different hetero atoms such as 

boron(Ge et al. 2019), nitrogen (N)(Qu et al. 2015), fluorine(C. Wang et al. 2021), 

and sulfur (S)(Qu et al. 2013) have been effectively pursued to tune the intrinsic 

properties of GQDs, including electronic characteristics, catalytic activity, optical 

activity, surface, and chemical features. A simple and fool-proof approach for 
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obtaining N-GQDs with graphene structure and effective N-doping with N-atoms in 

the aromatic network structure was reported by our group(Ramachandran, Arya 

Nair, and Karunakaran Yesodha 2019a), which yielded an N-GQD with high N-

doping values of ~10%. Because of this, the N-GQD exhibited superior electronic 

and, in turn, superior sensing properties towards trinitro phenol(Ramachandran, 

Arya Nair, and Karunakaran Yesodha 2019a) and hazardous heavy metal ion, 

cadmium (Cd(II))(Saisree et al. 2021a)with a limit of detection (LOD) values of 1 

nM and 1 fM respectively, which were the lowest than the other sensors reported so 

far. 

Motivated by this result, we attempted to further explore and exploit the 

material and approach by co-doping it with sulfur (S). For this, we modified the 

original synthesis method of N-GQD(Ramachandran, Arya Nair, and Karunakaran 

Yesodha 2019a) by replacing NaOH, the base catalytic agent, with an acidic agent, 

H2SO4, which can double as an S doping agent. The product obtained was 

characterized to confirm the doping of both S and N and hereafter was referred to as 

S,N-GQD.  

The excellent sensing performance of N-GQD towards Cd(II)(Saisree et al. 

2021a) prompted us to explore the heavy metal ion sensing capability of S,N-GQD. 

It is now well-known that the monitoring of most of the toxic heavy metal ions in 

environmental samples is mandatory due to their widespread presence and their 

calamitous toxicity (T. Bin Chen et al. 2005), to both environment and human health 

(Cheng 2003) and their very low maximum permissible limit of ≤ 2 to 5 ppb is an 

indication of their toxicity(Length 2007). The high spread of contamination in 

groundwater and other water sources demands an urgent need for a continuous 

monitoring system. Presently, the detection and monitoring of the concentrations of 

heavy metals in the environmental samples are done by atomic absorption 

spectrometry(Saied, Zahir, and Siddique 2010), inductively coupled plasma 

emission or mass spectrometry(Rasdi, Abu Bakar, and Mohamad 2013), X-ray 

fluorescence spectrometry(Hutton et al. 2014), and neutron activation 

analysis(Abdel-Haleem et al. 2001) which requires bulkier and expensive 

instrumentation, expert personnel for their operation, frequent sample collection and 

is mostly time-consuming as well(Karimi-maleh, Karimi, and Alizadeh 2020). On 

the other hand, EC sensing(Ramachandran, Panda, and Karunakaran Yesodha 2018), 
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because of its high inbuilt sensitivity, low cost, trouble-free and simple operation, 

rapid analysis, and portability(Brett and Oliveira-brett 2011), is an appealing method 

for monitoring environmental samples as it is fast and simpler. Thus, the search for 

electrode materials for EC sensors for toxic metal ions is significant. 

Therefore, herein, the EC sensing capabilities of S,N-GQD towards toxic 

metal ions were explored. Prompted by the sensing result of Cd(II) by N-GQD. 

Interestingly, the results of the sensing studies revealed that S,N-GQD modified 

glassy carbon electrode (S,N-GQD/GCE) can simultaneously sense Cd(II), Pb(II), 

and Hg(II) with an enhanced current response of ~ 7-fold for Cd(II), compared to 

that of on N-GQD. The S,N-GQD displayed high sensitivity values of 12, 13, and 5 

AM-1cm-2 and very low LOD values of 10-12, 10-11, and 10-12 M for Cd(II), Pb(II), 

and Hg(II). The enhanced sensing performances of S, N-GQD compared to that of 

N-GQD can be attributed to the co-doping of S which enhanced the conductivity and 

electrocatalytic properties by narrowing the bandgap due to the insertion of the 

bonding and antibonding orbital of S between the antibonding orbital of N and the 

bonding orbital of C due to the lower electronegativity of S to that of N, increasing 

the availability of electrons in the GQD. Finally, real sample studies with spiked 

environmental samples were performed. All the tested samples exhibited ~ 100% 

recovery, which proves the first-rate proficiency of the developed sensor in real-time 

monitoring. 

4.2 Experimental Section 

4.2.1 Synthesis of S,N-GQD 

The S-N-GQD was prepared by a slightly modified hydrothermal route from 

that used for N-GQD(Saisree et al. 2021a) and using polyaniline (PANI) as the 

source material. The synthesis procedure for PANI(Ramachandran, Arya Nair, and 

Karunakaran Yesodha 2019a) and N-GQD(Saisree et al. 2021b) by our group is 

reported elsewhere in detail. In a typical synthesis, 100 mg of the above-prepared 

PANI was dispersed in 20 ml of 0.05 M H2SO4 by ultrasonication for 1 hr. The 

dispersion was transferred into a 20 ml teflon-lined autoclave and was kept at 220 

ºC for 12 h. The reaction mixture was naturally brought down to RT, and 

subsequently, the supernatant liquid containing S-N-GQD was collected. The 
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solution was diluted 2 times, unless otherwise mentioned, for characterizations and 

EC sensing studies. 

4.2.2  Preparation of electrodes for EC sensing 
The samples (S,N-GQD,  N-GQD, and PANI) were drop cast over separate 

cleaned GCE with care and then allowed to dry for 24 hours at RT to achieve the 

modified electrodes. 

4.2.3  Electrochemical methods 
The EC behavior of various metal ions (Pb(II), Hg(II), Ag(I), Cd(II), Fe(II), 

Co(II), Ni(II), Zn(II), Sn(II), Mn(II),  Mg(II), Cu(II), and Cr(VI)) on the surface of 

the S,N-GQD/GCE was investigated using CV and DPV at RT. 20 µL of S,N-GQD 

solution, after 2 times dilution, was dropped and cast onto a GCE for making the 

working electrodes. 0.1 M PBS was used as the electrolyte for the studies unless 

otherwise specified. 

4.3 Results and Discussions 

4.3.1 Synthesis, structure, size, and the properties of S,N-

GQD 

 
The S,N-GQD was synthesized as described in the experimental section, 

using PANI as the precursor and H2SO4 as an acid catalyst and S doping agent. The 

aromatic nature of the precursor PANI and the presence of in situ N facilitates the 

formation of graphene structure and effective N-doping on GQDs, respectively, 

without the use of any external doping agents(Ramachandran, Arya Nair, and 

Karunakaran Yesodha 2019a). Herein, the NaOH was replaced with H2SO4 as the 

catalyst to promote S-doping and to deliver N and S co-doped GQD or S,N-GQD 

instead of N-GQD. A schematic of the synthesis is represented in Figure 4.1.     
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Figure 4.1 Schematic of the synthesis and a representative structure of S,N-GQD 

The high-resolution transmission electron micrographs of the as-synthesized 

S, N-GQDs are shown in Figure 4.2A, giving an overall idea of the S,N-GQDs, such 

as uniformity in the structure and size. The higher magnification images (Figure 

4.2B) show lattice fringes with a d-spacing of 0.21 nm, which corresponds to the 

(102) diffraction planes of sp2 graphitic carbon(Ramachandran, Arya Nair, and 

Karunakaran Yesodha 2019a), indicating the crystallinity and the presence of 

graphene structure in the S,N-GQD. The histogram (Figure 4.2C) obtained from 

Figure 4.2A, shows a narrow size distribution for S, N-GQD, from 3.5 to 4.5 nm. 

Interestingly, unlike N-GQD, which has a PL of light greenish blue (Figure 

4.2E) under the UV light (365 nm), the S,N-GQD exhibited intense white light 

photoluminescence (Figure 4.2E). Similarly, the absorption characteristics of S,N-

GQD differed from that of the N-GQD (Figure 4.2F), which exhibited a shoulder 

peak at ~260 nm and another broad peak at ~620 nm corresponding to the –* 

transition of the aromatic sp2 domains(Saisree et al. 2021b) and the n–* transition, 

respectively, whereas in N-GQD the corresponding peak positions are at ~260 and 

~510 nm, respectively. The broadness of the peak corresponding to n–* at ~620 

nm of S,N-GQD, as compared to that of the N-GQD (~510 nm), is assigned to the 

effective S doping(Ouyang et al. 2019). The red-shift of ~100 nm in the n–* 

absorption peak of S,N-GQD is an indication of the inclusion of the S functional 

groups(Ouyang et al. 2019), such as S=O bonds through the S-doping, because of 

the insertion of the S ‘π*’ orbital between the N ‘π*’ and the C ‘n’ orbital due to the 

lower electronegativity of S (2.58) to that of N (3.04)(Luo et al. 2017). The emission 

spectrum of S,N-GQD (Figure 4.2G) has three peaks at λmax= ~ 345, ~ 450, and ~ 

600 nm, whereas N-GQD has two:~ 450 and ~ 600 nm (Chapter 3, Figure 3.1F). 

These emission peaks in a broad-band region are assigned to the white light emission 

of S,N-GQD(Joseph and Anappara 2016). The chromaticity index of the white light 

emission was analyzed by calculating the Commission Internationale de l’Elcairage 

(CIE) 1931 chromaticity parameters (x, y) using the software “Color Calculator” 

from the emission data. The CIE 1931 parameters obtained (Figure 4.2H) for white 

emissive S,N-GQD on photoexcitation at 350 nm, are (x = 0.31, y = 0.27); which 

are very close to the pure white CIE coordinates (0.33, 0.33)(Arcudi, Đorđević, and 
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Prato 2017) whereas that of the N-GQD are (x = 0.24, y = 0.32) (Figure 4.2I), which 

corresponds to the greenish-white colour. 

 

 

Figure 4.2. (A) The high-resolution transmission electron micrograph of the synthesized 

S,N-GQD; (B) The transmission electron micrograph reveals the d-spacings; (C) The size 

distribution of the S,N-GQD as obtained from the transmission electron micrograph images; 

(D) and (E) The digital images of the photoluminescence of N-GQDs and S,N-GQDs under 

normal light and UV (365 nm) irradiation, respectively. (F) The UV-Vis spectrum of S,N-

GQD; (G The emission spectra of S,N-GQD excited using wavelengths from 250 to 540 nm 

; (H) and (I) The chromaticity index diagram of S,N-GQD, and N-GQD which shows white 

and green color emissions, respectively. 

Further, the S,N-GQD was characterized by FTIR, Raman, XPS, and XRD 

to confirm   the formation of S,N-GQD. The FTIR spectra (Figure 4.3A) of PANI, 

N-GQD, and S,N-GQD, show differences in the characteristic peaks. The FTIR 

spectrum of PANI, the peak at ~ 3432 cm-1 corresponding to the N-H stretching, is 
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narrow compared to that of the broad peaks of N-GQD (~ 3325 cm-1), and S,N-GQD 

(~ 3311 cm-1 ) and is possibly due to the presence of the N–H, O–H and the aromatic 

C–H in the edges of the GQDs. The other peaks in the spectrum of PANI correspond 

to the stretching vibrations of C–H (~ 2928 cm-1), C-C of the benzenoid ring (1603 

cm-1), C-C of the quinonoid ring (1496 cm-1), and the C-N (1071 cm-1)(Saisree, Nair, 

and Sandhya 2022). The additional peaks observed at ~2115 cm-1, ~ 1640 cm-1, and 

~ 1350 cm-1 in the spectra of both N-GQD and S,N-GQD correspond to the C=N, 

amide, and the C–N functionalities showing the effective N-doping(Saisree et al. 

2021a). The additional peak in that of the S,N-GQD at 1111 cm-1 is assigned to the 

of C-S(B. X. Zhang, Gao, and Li 2014), confirming the successful co-doping of S in 

S, N-GQD. The Raman spectrum of S,N-GQD (Figure 4.3B), reveals the presence 

of D and G bands(Roy et al. 2014) at ~ 1328 and ~ 1602 cm-1, respectively, and the 

ID/IG value was 0.81 indicating the presence of aromatic graphitic structure(Chhabra 

et al. 2018) in S,N-GQD. The XRD pattern (Figure 4.3C) revealed rather sharp peaks 

indicative of the crystalline nature of the S,N-GQD, at around 2θ = 23.4˚ (d = 0.355 

nm), 42.9˚ (d = 0.221 nm) and 44.2˚ (d = 0.208 nm) corresponding to the (002), 

(100) and (101), planes of graphene, respectively(Saisree et al. 2021a). Thus, the 

effective S and N doping along with the aromatic graphitic structure of S,N-GQD 

was confirmed. 

Additionally, to confirm the doping of S and N and to understand the nature 

of N and S in the GQD, an XPS analysis was carried out. The survey scan spectrum 

of the S,N-GQD (Figure 4.3D) revealed the C 1s, O 1s, N 1s, and S 2p peaks at 

284.9, 532.6, 399.8, and 169.5 eV, respectively, which indicated the effective doping 

of GQD with N and S. The high-resolution C 1s spectrum (Figure 4.3E) revealed the 

presence of C-C/ C=C (284.6 eV), C=O (288.6 eV) and O-C=O (289.9 eV) 

groups(S., Arya, and K. Y. 2022a)-(Arya Nair et al. 2022). The peak at ~285.9 eV 

was identified as the C–N and C-S peak. The deconvolution of the N 1s peak (Figure 

4.3F) indicates the presence of pyridinic (~398.3 eV), pyrrolic (~399.7 eV), and 

oxidized pyridinic (~401.5 eV) N species. Whereas the deconvolution of the S 2p 

(Figure 4.3G) peak indicates the presence of S=O and –SOn–, n = 2, 3(~169.2 and 

170.7 eV) functionalities(B. X. Zhang, Gao, and Li 2014) and the absence of the 

peak at ~163 eV corresponding to the thiophene functionality indicates that the S-

doping is mainly as the side functionalities as–SOn–. The difference in the doping 
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sites is possibly due to the differences in the size of N and S to that of C:  N has a 

similar radius (0.75 Å) as that of C (0.77 Å), the aromatic C-skeleton can include N 

with not much distortion in the aromatic structure(Gu et al. 2019). Thus, it can form 

a stable aromatic skeleton containing N(Saisree et al. 2021a), whereas the S (1.05 

Å) atom which is larger than the C atom with two different outermost orbitals and 

that will result in a longer C–S bond length (1.78 Å) is ~25 % longer than those of 

the C–C and C‒N bonds(Gu et al. 2019). Therefore, S atoms, if incorporated in 

aromatic, will distort the ring structure or make it unstable. Hence may preferably 

get incorporated on the surface or at the edges as functionalities than in the aromatic 

skeleton. Thus, the XPS results confirmed the successful formation and the structure 

of S,N-GQD, and the doping percentages were ~10.5 and ~4.8 % for N and S with 

N-atoms mainly incorporated in the aromatic structure and the S-atoms as the side 

functional groups. The N-doping percentage of the N-GQD is the same as that of the 

S,N-GQD, which supports the results that the S-doping is on the surface/edges as 

functional groups. Based on the results, a possible representative structure of S,N-

GQD is exemplified in (Figure 4.4). 
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Figure 4.3. (A) The FTIR spectra of S,N-GQD, N-GQD, and PANI; (B) and (C) The Raman 

and XRD diffractograms of S,N-GQD; (D) The XPS (survey) Spectra of S,N-GQD; (E), (F) 

and (G) The high-resolution XPS spectra of the C 1s and N 1s and S 2p of S,N-GQD. 
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Figure 4.4. Schematic showing the representative structure of S,N-GQD 

4.3.2 EC sensing studies of S,N-GQD towards heavy metal 

ions 

Inspired by our earlier sensing studies of N-GQD(Ramachandran, Arya Nair, 

and Karunakaran Yesodha 2019a)-(Saisree et al. 2021a) which exhibited selective 

sensing towards Cd(II)(Saisree et al. 2021a), the EC sensing property of S,N-

GQD/GCE towards toxic heavy metal ions was explored, and the following ions: 

Cd(II), Hg(II), Ag(I), Pb(II), Fe(II), Co(II), Ni(II), Zn(II), Sn(II), Cu(II), and Cr(VI) 

were tested initially. Curiously, the result showed that the S,N-GQD/GCE exhibited 

current responses towards three of the top ten toxic metal ions: Cd(II), Pb(II), and 

Hg(II). The comparison of the results of controls and S,N-GQD/GCE (Figure 4.5A) 

showed no current response for any of these ions on the bare GCE, PANI/GCE, and 

GQD/GCE, and current response for Cd(II) at -0.78 V on the N-GQD/GCE(Saisree 

et al. 2021a), whereas the S,N-GQD/GCE exhibited three distinct and very sharp 

oxidation peaks at -0.80, -0.57, and 0.16 V for Cd(II), Pb(II), and Hg(II), 

respectively. In addition, the current response for Cd(II) on S,N-GQD (Figure 4.5A 

) was ~ 7-fold higher than that of on the N-GQD. The results indicate that the co-

doping of S has not only enabled the simultaneous sensing of multiple metal ions, it 

has tremendously enhanced the current response. As reported earlier by our 
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group(Saisree et al. 2021a), the Cd(II) sensing can be attributed to the N-groups; the 

additional ability of sensing of Pb(II) and Hg(II) is assigned to the presence of S, 

which had an affinity towards Pb(II) and Hg(II). Thus the Pb(II)-S and Hg(II)-S 

interaction facilitated the simultaneous sensing of Pb(II) and Hg(II) along with 

Cd(II) and the enhancement in the current response to the enhanced electrocatalytic 

and conducting property due to effective S doping in S,N-GQD. Bandgap 

measurement (details in the supporting file) results revealed that the S-doping has 

narrowed the band gap of S,N-GQD to 0.98 eV (Figure 4.5B),  from that of  1.3 eV 

(Figure 4.5B), in N-GQD. This shall be due to the insertion of the bonding and 

antibonding orbital of S between the antibonding orbital of N (previous LUMO) and 

the bonding orbital of C (HOMO)(Luo et al. 2017) (explained in detail in section 

3.1), which can further facilitate an improved electron transfer ability to the analytes 

(Figure 4.5B). The lower electronegativity of S to that of N, which increases the 

availability of electrons in the aromatic structure combined with the narrowed band 

gap, shall be attributed to the improved electronic characteristics and enhanced 

conductivity, thereby enhancing the sensing performance.  

  

 

Figure 4.5. (A) The DPV responses of 1 mM each of Cd(II), Pb(II), and Hg(II) in 0.1 M 

PBS on Bare GCE, PANI/GCE, GQD/GCE, N-GQD/GCE and S,N-GQD/GCE 

respectively; (B) The HOMO and LUMO levels and bandgaps of N-GQD and S,N-GQD 

obtained experimentally. 

4.3.3 Individual sensing studies - Sensitivity, LDR and LOD 
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The sensing performance of S,N-GQD towards Cd(II), Pb(II) and Hg(II) 

individually was explored in detail using DPV. The current responses of each analyte 

(Figure 4.6A-C) increased with the increase in the concentration. The corresponding 

linear dynamic ranges (LDR) for Cd(II), Pb(II), and Hg(II) (Figure 4.6D-F) showed 

a linear fit corresponding to the concentrations from 10-10 to 10-4 M with correlation 

coefficients of R2 ≥ 0.97 for each. A single LDR covering from 10-10 to 10-4 M, 

without the saturation of current response, shows the superior sensing capability of 

the S, N-GQD for a wider concentration range. The sensitivity values obtained for 

Cd(II), Pb(II), and Hg(II) from the respective LDRs are 12, 13, and 5 AM-1cm-2, 

and the LOD values (Figure 4.6G-I), obtained for Cd(II), Pb(II), and Hg(II)  were 

10-12, 10-11, and 10-12 M, respectively. The LOD values calculated theoretically from 

the respective LDRs, were 3.3×10-12, 1.4×10-11, and 1.1×10-12 M and are in good 

agreement with the experimental LOD values, which shows the correctness of the 

experimentally obtained value with that of the theoretically calculated one. 

 

Figure 4.6 (A) , (B), and (C) The DPV responses of Cd(II), Pb(II, and Hg(II) in 0.1 M PBS 

on S,N-GQD/GCE from 10-12 to 10-3 M each respectively; (D), (E) and (F): The LDRs 

obtained for the sensing of Cd(II), Pb(II and Hg(II) on the S,N-GQD/GCE for the 

concentration range of 10-10 to 10-4 M, each; (G), (H) and (I) The DPV responses showing 

of LOD Cd(II), Pb(II and Hg(II), as 10-12, 10-11, and 10-12 M. 
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4.3.4 Simultaneous sensing studies - Sensitivity, LDR and 

LOD 

The simultaneous sensing efficiency of S,N-GQD was investigated further 

by recording the variation of current responses of each analyte by varying its 

concentration from 10-12 to 10-3 M in the presence of the other two analytes 

maintained at a fixed concentration of 10-3 M. The DPV profiles (Figure 4.7A-C) 

indicate that the peak current values of the analytes were the same as that observed 

in the individual sensing studies for all three metal ions, and the corresponding LDR 

graphs (Figure 4.7D-F) exhibited two ranges with excellent correlation coefficients 

of R2 ≥ 0.98: from 10-12 to 10-4 M and 2×10-4 to 10-3 M; 10-11 to 10-4 M and 2×10-4 

to 10-3 M; and 10-12 to 10-4 M and 2×10-4 to 10-3 M for Cd(II), Pb(II) and Hg(II), 

respectively. The LOD values were the same as that for the individual studies and 

were 10-12, 10-11, and 10-12 M for Cd(II), Pb(II), and Hg(II), respectively (Figure 

4.6G, H, and I). The result indicates that there is more or less no interference of 

analytes on each other and is the indication of the effective simultaneous sensing of 

the metal ions by S,N-GQD. 
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Figure 4.7. (A), (B), and (C) The simultaneous DPV responses of Cd(II), Pb(II), and Hg(II) 

by varying the concentrations from 10-12 to 10-3 M in the presence of 1 mM concentration 

of the other two analytes; (D), (E), and (F) The corresponding LDR graphs of the 

simultaneous sensing of Cd(II), Pb(II) and Hg(II); (G), (H) and (I) The DPV responses of 

(a) 0.1 M PBS and (b) the LODs of Cd(II) (1 pM), Pb(II) (10 pM) and Hg(II) (1 pM) in the 

presence of 1 mM concentrations of the other two analytes; (Inset of G, H and I) The 

enlarged images of LODs of Cd(II), Pb(II) and Hg(II) respectively.  

Further, simultaneous quantitative sensing was conducted by increasing the 

concentration of all three ions simultaneously. The resultant DPV profiles (Figure 

4.8) showed an increase in current responses with an increase in the concentrations 

for all the three with well-defined oxidation peaks with significant peak potential 

difference (ΔEpa) of ~0.23, 0.72, and 0.95 V between Cd(II) & Pb(II), Pb(II) & 

Hg(II), Cd(II) & Hg(II), respectively, which is indicative of the non-interference and 

the effective simultaneous sensing capability. The LOD values obtained for Cd(II), 

Pb(II), and Hg(II) were 10-12, 10-11, and 10-12 M (inset of Figure 4.8), which were the 

same as that obtained for the individual sensing studies. This shows the simultaneous 

sensing capability of the material S,N-GQD. 

     

Figure 4.8. The DPV responses of Cd(II), Pb(II and Hg(II) on S,N-GQD/GCE from 10-12 to 

10-3 M; Inset of (4.8.) The DPV responses showing LOD values 10-12 M , 10-11 M and 10-12 

M for Cd(II), Pb(II) and Hg(II). 

The simultaneous sensing reports of Cd(II), Pb(II), and Hg(II) by various 

electrode materials are very few compared to the individual sensing studies, and the 
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comparison of LOD values in the reports with that of the S,N-GQD electrode is 

given in Table 1. Amongst the reports SnO2/reduced graphene oxide nanocomposite 

(SnO2/rGO)(Y. Wei et al. 2012), MnFe2O4@Cys(Yao et al. 2014), and alkaline-

Ti3C2 MXene(Zhu et al. 2017) utilized square-wave anodic stripping voltammetry 

(SWASV) for the simultaneous sensing. Similarly, there are reports on differential 

pulse stripping voltammetry (DPSV) and DPV, which were also utilized for sensing. 

The stripping voltammetric techniques are used because of the oxidized nature of 

metal ions or to improve the sensitivity and LOD values of the sensor. However, 

they are time-consuming as it requires an additional pre-reduction step which is done 

for a certain period of time compared to the normal DPV. Here in this work, we 

followed the normal DPV analysis, without a pre-reduction, for the detection of 

Cd(II), Pb(II), and Hg(II), as the S,N-GQD was able to spontaneously reduce the 

metal ions, and the sensitivity and LOD values obtained were 12, 13 & 5 AM-

1cm-2 and 10-12, 10-11 &10-12 M. It can be observed that the reports had LODs in nM 

range for the three metal ions, whereas S,N-GQD exhibited LOD values in pM range 

by DPV, which is roughly 100 times lower than all the reports. Thus, from the Table, 

it is clear that the achieved LOD by S,N-GQD is the lowest for the simultaneous 

sensing of the three metal ions reported hitherto to the best of our knowledge, with 

a commendable LDR corresponding to a wide range from 0.1 to 100000 nM. These 

excellent sensing characteristics of S,N-GQD towards heavy metal ions are due to 

its higher reducing capability, which is explained in detail in the next section, 3.5. 

Table 4.1. Comparison of the limit of detection of S,N-GQD/GCE with that of the literature 

reports of electrochemical sensors of Cd(II), Pb(II) and Hg(II). 

 

Material Measue

ment 

techniq

ue 

Pre-

redu

ction 

LOD (nM) LDR (nM) Ref. 

Cd 

(II) 

Pb 

(II) 

Hg 

(II) 

Cd (II) Pb (II) Hg (II) 

SnO2/rGO SWASV Yes 0.1 0.1 0.2 300 – 

1200 

300 – 

1200 

400 – 

1200 

(Y. Wei 

et al. 

2012) 

NG  DPSV Yes 50 5 5 50 – 

9000 

50 - 

9000 

50 - 

9000 

(Xing et 

al. 

2015) 
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MnFe2O4

@Cys 

SWASV Yes 63.

2 

84.

3 

208 0.4–1.5 0.1–1.0 1.4–3.0 (Yao et 

al. 

2014) 

alk-Ti3C2 

MXene 

SWASV Yes 98 41  130 100−10

00 

100−55

0 

1000−1

900 

(Zhu et 

al. 

2017) 

MnWO4 DPASV Yes 3.5 3.3 3.1 10–500 10–500 10–500 (Eranjan

eya et 

al. 

2018) 

Rutheniu

m-GO 

DPV  No 13 350 340 50-300 50-250 100-

1200 

(Gumpu 

et al. 

2017) 

SNAC DPV No 24.

4  

5.7 24 90–4800  90–5700 90–990 (Madhu 

et al. 

2014) 

S,N-GQD DPV No 0.0

01 

0.0

1 

0.0

01 

0.1-

100000 

0.1-

100000 

0.1-

100000 

This 

work 

 

4.3.5 Mechanism of sensing of Cd(II), Pb(II), and Hg(II) by 

S,N-GQD with evidence  

 

In the stripping voltammetric techniques,(Intarakamhang, Schuhmann, and 

Schulte 2018)-(Lu et al. 2018) the pre-reduction step is utilized to reduce the target 

metal ion/ions adsorbed on the modified electrodes, which subsequently undergoes 

oxidation during the oxidation potential sweep, which increases the sensitivity and 

reduces the LOD values. This is done because of the non-capability of the sensor 

material to spontaneously reduce the metal ions or to improve the current response 

of the sensor material, which is a time-consuming process. The sensing studies using 

S,N-GQD as the electrode did not need any pre-reduction procedure due to its ability 

to spontaneously reduce the Cd(II), Pb(II), and Hg(II) to Cd(0), Pb(0) and Hg(0) as 

evidenced from the presence of oxidation peaks in the oxidation sweep without any 

pre-reduction step. Prior reports of N-GQD towards Cd(II)(Saisree et al. 2021a), in 

MoS2 towards Hg(II)(Aswathi and Sandhya 2018), SnO2 QDs towards 

Cd(II)(Bhanjana et al. 2015), MWCNT/PCV towards Cd(II)(Chamjangali et al. 

2015) displayed a similar spontaneous reduction of the metal ions by the electrode 
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materials, and the mechanism was based on the presence of an electron-rich material 

which can reduce the metal ions by supplying electrons spontaneously. The structure 

of the S,N-GQD was similar to that of the N-GQD, considering the graphene lattice, 

which had N-doping, and the difference was in the presence of additional S 

containing side functionalities (–SOn) (explained in detail in section 4.3.1) in the 

S,N-GQD. The significant increase in the current response for Cd(II) on S,N-GQD 

to that of on the N-GQD (~ 7-fold) suggests that having S functionalities as side 

groups makes a remarkable difference in the electron-rich environment and the 

reducing capability of the S, N-GQD. The earlier report of Cd(II) sensing by N-GQD 

was attributed to the affinity between Cd(II) and N(Saisree et al. 2021) and can also 

be applied here due to the presence of N in S,N-GQD. The Pb(II) and Hg(II) sensing 

properties exhibited by S,N-GQD, which was not present on N-GQD were attributed 

to the high affinity of the S-functionalities towards the ions(Aswathi and Sandhya 

2018),(Jayadharan Salini et al. 2020)-(Arya Nair, Saisree, and Sandhya 2022). Thus, 

it is evident that the presence of S and N is the reason for the simultaneous sensing 

of Cd(II), Pb(II), and Hg(II) on S,N-GQD with enhanced sensitivity.  

In an attempt to prove the mechanism proposed, XPS analysis was carried 

out for the S,N-GQD-Cd, S,N-GQD-Pb and S,N-GQD-Hg obtained by physical 

mixing of S,N-GQD with CdCl2, PbCl2 and HgCl2 solutions separately. The XPS 

survey spectra of the S,N-GQD-Cd, S,N-GQD-Pb, and S,N-GQD-Hg (Figure 4.9A-

C) display the peaks of the respective metals (ions). 

 

Figure 4.9. (A), (B) and (C) The XPS (survey) spectra of S,N-GQD-Cd, S,N-GQD-Pb, and 

S,N-GQD-Hg, respectively 

 

  The decrease in the peak intensities of C1s (Figure 4.10A-C), S2p (Figure 

4.10D-F), and N1s (Figure 4.10G-I) in the high resolution spectra of S,N-GQD-Cd, 

S,N-GQD-Pb and S,N-GQD-Hg, with respect to that of S,N-GQD (section 3.1) 
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backing the interaction between S,N-GQD and the metal ions Cd(II), Pb(II) and 

Hg(II). The high-resolution spectrum of Cd 3d (Figure 4.10J) in S,N-GQD-Cd 

reveals the characteristic 3d5/2 and 3d3/2 peaks at 405.09 and 412.10 eV, respectively 

corresponds to Cd(0) and that of Pb 4f in S,N-GQD-Pb reveals the characteristic 

4f7/2 and 4f5/2 peaks at 138.56 and 143.30 eV (Figure 4.10K), respectively 

commensurate to Pb(0). Similarly, the high-resolution spectrum of Hg 4f in S,N-

GQD-Hg, reveals the characteristic Hg 4f peaks at 101.43 and 104.65 eV (Figure 

4.10L) corresponding to the Hg 4f7/2 and 4f5/2, respectively with Hg(0) state. These 

peaks confirms the existence of Cd(0)(Saisree et al. 2021a), Pb(0)(Knight, Nigam, 

and Jones 2019) and Hg(0)(Aswathi and Sandhya 2018) in the system. Thus these 

results clearly confirm the reduction of Cd(II), Pb(II), and Hg(II) to Cd(0), Pb(0), 

and Hg(0) by S,N-GQD. An illustration of the enhanced and simultaneous sensing 

of Cd(II), Pb(II), and Hg(II) on S,N-GQD/GCE is depicted in Figure 4.11. 
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Figure 4.10 (A), (B) and (C) The high-resolution C 1s XPS spectra of S,N-GQD–Cd, S,N-

GQD–Pb and S,N-GQD–Hg respectively; (D), (E) and (F) The high-resolution S 2p XPS 

spectra of S,N-GQD–Cd, S,N-GQD– Pb and S,N-GQD–Hg respectively; (G), (H) and (I) 

The high–resolution S 2p XPS spectra of S,N-GQD–Cd, S,N-GQD– Pb and S,N-GQD–Hg 

respectively; (J), (K) and (L) The high–resolution Cd 3d, Pb 4f and Hg 4f XPS spectra of 

S,N-GQD–Cd, S,N-GQD– Pb and S,N-GQD–Hg respectively. 
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Figure 4.11. Schematic diagram showing the modification of the GCE in the three-electrode 

system with the S,N-GQD, and the resulting enhanced simultaneous sensing of Cd(II), 

Pb(II), and Hg(II) by DPV 

4.3.6 Selectivity and Interference Studies 

Selectivity is one of the most significant parameters considered as the criteria 

for ensuring the practical applicability of a sensor. The DPV profiles of the 

simultaneous sensing of 1nM each of Cd(II), Pb(II), and Hg(II) in a mixture of 

1000000x concentrations of other metal ions, Ag(I), Fe(III), Fe(II), Co(II), Ni(II), 

Zn(II), Mg(II), Li(II), Mn(II), Sn(II), Cu(II), and Cr(VI)) (1 mM each) (Figure 

4.12A) and the corresponding bar diagram (Figure 4.12B) show no significant 

current response from any of the other metal ions, indicating the high-rate selectivity 

of the material towards the simultaneous as well as individual sensing of Cd(II), 

Pb(II) and Hg(II). 

4.3.7 Reusability, Reproducibility, and Stability Studies 

The reusability, stability, and reproducibility studies are essential when it 

comes to the practical applicability of a sensor. For the reproducibility studies, the 

current responses of five different electrodes toward 1 mM each of Cd(II), Pb(II) 

and Hg(II) were examined. The relative standard deviation (RSD) of the peak 

currents of these individually prepared electrodes was found to be ~1.1 % for Cd(II), 

~0.5 % for Pb(II), and ~2.0 % for Hg(II), which showed its good reproducibility 

(Figure 4.12C). The stability studies were conducted after 30 and 60 days, and the 

result showed that it retained ~ 97% and ~ 93% for Cd(II), ~ 90% and 80% for Pb(II), 

and ~ 90% and 80% for Hg(II) (Figure 4.12D) of its initial current responses, 
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respectively. The reusability of the S,N-GQD/GCE electrode was scrutinized by 

comparing the peak currents for 1 mM each of Cd(II), Pb(II) and Hg(II) on S,N-

GQD/GCE (Figure 4.12E) before and after multiple washings and the results showed 

it had ≥ 98% retention after 30 cycles of washing. 

 

Figure 4.12. (A) and (B) Selectivity studies of S,N-GQD/GCE towards 1 nM Cd(II), Pb(II) 

and Hg(II)  in the presence of various analyte species (1 mM each); (C) The peak currents 

of five independently coated electrodes showing the reproducibility of S,N-GQD/GCE; (D) 

DPV profiles obtained for Cd(II), Pb(II) and Hg(II) (1 mM each) on S,N-GQD/GCE 

showing the stability of the sensor for 30 and 60 days; (E) The DPV curves after immediate 

washing for thirty times showing the reusability of the sensor. 
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4.3.8 Environmental sample studies 

Further, the studies were extended to real environmental samples such as 

groundwater, seawater, and wastewater spiked with the analytes. The high recovery 

values of ~ 100 % (Tabel 4.2 & Figure 4.13.A-B) indicate the possibility of the 

electrode for the determination of Cd(II), Pb(II), and Hg(II) in real water samples. 

In addition to the spiking and recovery analysis, seawater (SW) (collected from the 

Arabian Sea near Thiruvananthapuram) was taken as the electrolyte, and the sensing 

studies were carried out by adding Cd(II), Pb(II), and Hg(II). Interestingly, the same 

LOD values were obtained for Cd(II) (1 pM), Pb(II) (10 pM) and Hg(II) (1 pM) 

(Figure 4.13.C-E) in SW. The result is indicative of the sensitivity and selectivity of 

the electrode towards the simultaneous sensing of Cd(II), Pb(II), and Hg(II) in 

complex real water samples where the presence of different organic compounds or 

species will make the sensing usually difficult. 

 

 

Figure 4.13. (A) The DPV response of 1 nM each of Cd(II), Pb(II), and Hg(II) in 

wastewater, two different seawater samples, and groundwater sample, respectively; (B) The 

DPV responses of 1, 2, and 3 nM each of Cd(II), Pb(II), and Hg(II) in seawater samples; 

(C), (D) and (E) The DPV responses showing the LOD values of 10-12, 10-11, and 10-12 M 

for Cd(II), Pb(II), and Hg(II) in the seawater samples. 
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Table 4.2. The recovery test results of Cd(II), Pb(II) and Hg(II) in environmental samples. 

Sample 

No. 

Metal 

ions 

Environmental 

samples 

Spiked 

Quantity 

(ppb) 

Found 

Quantity 

(ppb) 

ICP-MS 

(ppb) 

Recovery 

(%) 

 

 

 

1 

 

 

 

Cd(II) 

Groundwater 0.2 0.199 0.199±0.11 99.5 

Seawater 0.2 0.201 0.200±0.16 100.5 

Wastewater 0.2 0.201 0.201±0.13 100.5 

 

 

 

2 

 

 

 

Pb(II) 

Groundwater 0.2 0.199 0.198±0.15 99.5 

Seawater 0.2 0.200 0.199±0.19 100 

Wastewater 0.2 0.201 0.200±0.12 100.5 

 

 

 

3 

 

 

 

Hg(II) 

Groundwater 0.2 0.199 0.198±0.18 99.5 

Seawater 0.2 0.198 0.199±0.10 99 

Wastewater 0.2 0.200 0.199±0.17 100 

* All the recovery values fall within the RSD of 0.5% 

4.4 Conclusion 

 
Herein, a white emissive S,N-GQD was synthesized for the first time from 

polyaniline using H2SO4 which doubles as an acid catalyst and S doping agent. The 

S doping induced an additional emission peak at ~ 345 nm, resulting in a white light 

emitting S,N-GQD. The S,N-GQDs displayed simultaneous EC sensing towards 

three of the top ten toxic heavy metal ions: Cd(II), Pb(II), and Hg(II), with highly 

sharp peaks and enhanced current response. The interaction of the heteroatoms N 

and S with the metal ions Cd(II), Pb(II), and Hg(II) were assigned to the 

simultaneous sensing capability of S,N-GQD and exhibited the lowest LODs so far 

reported for the simultaneous sensing. Thus, herein, we have demonstrated how 

minute difference, or a co-doping, leads to a miraculous augmentation in the 

characteristics/sensing properties of a GQD. The results are assigned to the 

enrichment in the active sites, improved electron cloud, and better electrocatalytic 
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activity gained by the S co-doping. The excellent reusability (~98%), the 

reproducibility with an RSD of ≤ 2%, and the admirable stability of ≥ 80% even 

after 60 days further prove the efficiency of the developed sensor. The potential 

applicability of the sensor in real-time monitoring was put forward in the excellent 

recovery percentages (~ 100%) with a relative standard deviation of ≤0.5% in the 

tested environmental samples. 
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CHAPTER 5 

 

Highly Stable Copper Nano Cluster on 

Nitrogen-Doped Graphene Quantum Dots for 

the Simultaneous Electrochemical Sensing of 

Dopamine, Serotonin, and Nicotine; a Possible 

Addiction Scrutinizing Strategy 

 

A highly stable copper (Cu) nanocluster (NC), which exhibited stability for 

more than one year, was synthesized. The synthesis utilizes nitrogen-doped graphene 

quantum dots (N-GQDs) as reducing and capping agents and smaller glutathione 

molecules as additional capping agents. The synthesized NC, CuNC@N-GQD 

successfully sensed dopamine (DA), serotonin (SER), and nicotine (NIC) 

simultaneously with well-defined peaks and good peak-to-peak separation. The 

higher sensitivity and the simultaneous sensing are indicative of the synergistic 

effect of CuNC and N-GQD in the CuNC@N-GQD. Thus, a mechanism for the 

enhanced simultaneous sensing of DA, SER and NIC were explored further. The 

interactions between the sensor and the analytes through ring stacking or 

heteroatom sites or the − interaction between the aromatic basal planes or the 

combination of all is assigned to the enhanced sensitivity. The sensing performance 

was successfully extended to real blood and urine samples spiked with DA, SER, and 

NIC. 

5.1 Introduction 

 
Recently metal nanoclusters1-5 (MNCs) are gaining attention amongst 

researchers because of their merits such as emissive properties(Zhenguang Wang, 

Chen, and Rogach 2017), prominent photostability, large Stokes shift of ≥100 

nm(Koninti, Satpathi, and Hazra 2018), and lack of toxicity(Tao et al. 2015) for 

applications such as sensors1,2,6,(Hu et al. 2016), biological imaging(Publication et 

al. 2017), catalysis, and light-emitting devices(Zhenguang Wang, Chen, and Rogach 
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2017). Amongst the MNCs, that of gold (Au) and silver (Ag) have been extensively 

explored due to their higher stability, ease of synthesis, and biocompatibility(Lin et 

al. 2021). Recently, NCs of copper (Cu) has begun to attract the attention of 

researchers because of their abundance, cost-effectiveness, and easy availability. 

Despite their advantages, Cu NCs often exhibit low oxidation stability2 and the 

synthesis of small, brightly emissive Cu NCs (1-5 nm) is particularly challenging12. 

In this respect, capping / stabilising agents are often used to stabilise the clusters, 

while being synthesized. Earlier approaches have utilized larger molecules such as 

polymers(Zhenguang Wang,a Andrei S. Susha,a Bingkun Chen,a, b Claas 

Reckmeier,a Ondrej Tomanec,c Radek Zboril,c Haizheng Zhong 2016)-(H. Zhang 

et al. 2012), DNA(Borghei et al. 2017)-(C. A. Chen et al. 2015), proteins(Su and Liu 

2017)-(Qiao et al. 2015), and peptides(Singh et al. 2020) as steric capping agents to 

overcome the problem of aggregation and oxidation of CuNCs. Even though a few 

CuNCs(Maity, Bain, and Patra 2019)-(Zhenguang Wang et al. 2016) synthesized 

using smaller thiolated ligands as capping agents have been reported, the stability of 

the nanoclusters is lower (~1 month) than that of the NCs prepared using large 

ligands (~6 months). However, the advantage of using smaller capping agents is that 

it can simplify the characterization of NCs. In the present work, we report an aqueous 

medium synthesis of a stable CuNCs using nitrogen-doped graphene quantum dots 

(N-GQDs) as reducing agents and glutathione as capping agents instead of the larger 

ligands such as proteins and DNAs. The presence of N-GQD in the formed NCs was 

confirmed by the emission and mass spectroscopic analyses, and they are hereafter 

referred to as CuNC@N-GQD.   

Our group has previous reported54 the selective and superior sensing of 

dopamine (DA) by materials with graphene structure due to their favorable 

interactions with each other that arose from their structural similarity. This 

preliminary information prompted us to choose DA and similar neurotransmitters 

such as serotonin (SER), epinephrine (EP), nor-epinephrine (NEP) as analytes due 

to the presence of N-GQD with a graphene structure. In our preliminary sensing 

studies, overlapped peaks for DA and SER were obtained at an N-GQD-modified 

electrode. CuNCs have been reportedly utilized for the EC sensing of nitrite69 zinc 

ions70. To utilize the sensing property of the CuNCs in CuNC@N-GQD, nicotine 

(NIC) was selected as one of the analyte because of (i) the neurofunctional 
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correlation among DA, SER and NIC (ii) and the knowledge that Cu can interact 

with N-containing molecules41,50, which will complement the study because of the 

well-known addictional30-31 property of NIC affecting the emotions and behavior 

due to its ability to prompt the release of several neurotransmitters(Jiloha 2010). 

Thus, in addition to the neurotransmitters, NIC was chosen as one of the analytes for 

the study. The sensing results revealed that the CuNC@N-GQD displayed 

synergistic effect by exhibiting both simultaneous sensing (non-overlapping peaks) 

and enhanced current response for DA, SER, and NIC, compared to that of the 

individual CuNC and N-GQD, which is attributed to the improved structure of 

CuNC@N-GQD. The exfoliated graphene structure of N-GQD due to the attachment 

of CuNC in CuNC@N-GQD is assigned to the simultaneous sensing of DA and SER 

with separate peaks for each. The augmentation of electrons through N-GQD 

enabled the CuNC to sense NIC with enhanced current response compared to that of 

the CuNC@AA. Thus, the results show the merits of CuNC@N-GQD compared to 

the individual materials and the other reports of CuNC42-57 in terms of stability and 

enhanced and simultaneous sensing properties. Moreover, as mentioned previously, 

the lower stability of CuNCs than other metal clusters such as AuNCs and AgNCs 

is a problem encountered during the synthesis of CuNCs using smaller capping 

agents than larger capping agents (e.g., DNA, proteins). It is understandable that 

stability is an important parameter for a sensor material that affects its properties 

such as reproducibility and reusability. Interestingly, in this work, the CuNC 

exhibited a stability of ≥ 1 year, which was assigned to the presence of the electron 

rich N-GQD. A detailed explanation for the enhancement in the stability and the 

simultaneous and enhanced EC sensing of DA, SER, and NIC by CuNC@N-GQD 

is given in Sections 3.1 and 3.5. Further, the possible miniaturization properties of 

EC sensors and the observed simultaneous and enhanced sensing make the 

developed sensor, CuNC@N-GQD significant for in vivo medical research and 

diagnosis purposes. 
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5.2 Experimental Section 

5.2.1 Synthesis of N-GQDs, CuNC@N-GQDs, and 

CuNC@AA 

Detailed synthesis procedure for N-GQDs was reported 

elsewhere(Ramachandran, Arya Nair, and Karunakaran Yesodha 2019b) by us. 

Briefly, polyaniline was used as a precursor, and a simple hydrothermal route was 

followed, resulting in crystalline N-GQDs forming aromatic graphitic basal planes.  

In a typical synthesis of CuNC@N-GQDs, 1 mL of CuSO4 solution (~ 0.17 

M) was added to 3 mL of GSH (25 mg/mL) and stirred well for 10 min. The solution 

gradually turned turbid due to the formation of a copper thiolate complex, and then 

6 mL of the synthesized N-GQDs was added to this solution with constant stirring, 

and the reaction mixture was kept at 65 °C with stirring for 3 h. The turbid solution 

became clear, indicating the formation of CuNC@N-GQDs. Then the solution was 

allowed to cool down to room temperature. The clear solution obtained was 

centrifuged at 14000 rpm for 20 minutes, and the obtained supernatant solution was 

stored at 4 °C for further studies.  

The control CuNC, CuNC@AA was synthesized using a reported 

procedure1. In this synthesis procedure, AA was utilized as a reducing agent.     

5.2.2 Preparation of electrodes for electrochemical sensing 

The pre-treatment and modification of GCE were done according to the 

procedure given in the Chapter 2. The samples (CuNC@N-GQD, N-GQDs and 

CuNC@AA were applied dropwise on a separate, cleaned GCE with care and then 

allowed to dry for 24 h at room temperature to achieve the modified electrodes.  

5.2.3 Preparation of samples for mass spectrometric 

analysis 
The CuNC@N-GQD and N-GQD sample solution was diluted 10 times 

using the solvent system of water/methanol at a 1:1 (v/v) ratio. The experiments 

were conducted in a negative ion mode. 
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5.2.4 Electrochemical methods 

 
The EC behavior of the analytes (DA, SER, NIC, FA, UA, AA, 

acetylcholine, glucose, hydrogen peroxide, and metal ions (Hg(II), Ag(I), Cd(II), 

Ni(II), Zn(II), Co(II), Cr(VI), Fe(II), Mg(II), Mn(II), Pb(II))) at the surface of the 

CuNC@N-GQD/GCE was investigated using CV, DPV and chronoamperometry at 

RT. In our work, a 20 µL of CuNC@N-GQD solution was applied to the GCE placed 

in a 0.1 M phosphate-buffered saline as the supporting electrolyte, unless specified 

otherwise. 

5.3 Results and Discussions 

5.3.1 Synthesis and Stability of CuNC@N-GQD 

The synthesis of CuNC@N-GQDs were synthesised as described in 

Experimental using CuSO4, GSH, and N-GQDs, where N-GQDs were used as a 

reducing agent and GSH as a capping agent. Owing to the graphene structure (𝜋 

electron cloud), N-GQDs have been used to reduce Cu(II) to Cu(0) in our work. The 

reduction of (noble) metal ions by graphene has been well reported by Aswathi et 

al(Ramachandran, Arya Nair, and Karunakaran Yesodha 2019). In addition, we have 

previously(Saisree et al. 2021) demonstrated that N-doping and N-functionalities in 

N-GQDs would enhance the electron-donating capability. Further, the structure and 

stability of the CuNC@N-GQDs were analyzed using absorption and emission 

studies. The absorption spectrum of CuNC@N-GQDs (Figure 5.1A) shows a peak 

at ~230 nm, and GSH shows a peak at ~210 nm, both corresponding to π–π* 

transitions and the N-GQDs shows peaks at ~260 and ~512 nm corresponding to π 

–π* and n–π* transitions(Ramachandran, Arya Nair, and Karunakaran Yesodha 

2019). After adding N-GQDs alone (without GSH), the corresponding spectrum in 

Figure 5.1B shows a peak at ~320 nm with a much higher intensity than that of the 

230 nm peak of CuNCs. In Figure 5.1B, an intense surface plasmonic resonance 

peak is also observed at ~640 nm, characteristic of CuNPs (CuNP@N-GQDs). The 

CuNC@N-GQD (Figure 5.1A) did not show any surface plasmonic resonance peak 

characteristic of the nanoparticle, suggesting the formation of CuNC@N-GQD. 

Thus, the formation of a CuNC@N-GQD using comparatively smaller molecules: 
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GSH and N-GQDs, instead of bigger molecules such as DNA, protein as stabilizing 

agents(Lin et al. 2021; Z. Zhou, Du, and Dong 2011), indicates the merit of the 

synthesis strategy. This can further simplify the characterization difficulties of NCs. 

The emission spectrum of CuNC@N-GQD (Figure 5.1C) shows two peaks at λmax= 

~ 330 and ~ 450, which are attributed to the CuNCs and N-GQDs, respectively, and 

is green emissive (Figure 5.1E) whereas the individual spectrum of N-GQD exhibits 

λmax of ~ 450 nm to 600 nm, depending on the excitation wavelength (Figure 5.1D) 

and has a greenish-blue emission (Figure 5.1E) and that of CuNC@AA has a λmax 

of ~ 365 nm and is blue emissive(X. H. Gao et al. 2016), due to the absence of N-

GQD. Thus, it can be assumed that the red-shifted (blue to green fluorescence) of 

CuNC@N-GQD compared to that of CuNC@AA is due to the presence of N-GQD. 

A scheme describing the step-wise synthesis procedure of CuNC@N-GQDs in two 

steps (i) first step comprising the formation of a copper thiolate complex from the 

precursor, CuSO4 followed by (ii) a second step which consists of addition of N-

GQDs to the copper thiolate complex resulting in CuNC@N-GQDs is depicted in 

Figure 5.2. 

 

Figure 5.1. (A) The UV-Vis spectra of CuNC@N-GQD, N-GQDs, and GSH; (Inset of A) 

The enlarged image of UV-Vis spectra in the visible region; (B) The UV-Vis spectra of 

CuNC@N-GQD and CuNP@N-GQD; (C and D) The emission spectra of CuNC@N-GQD 

and N-GQD excited using wavelengths from 300 to 420 nm (the excitation wavelengths of 

each are given in the right-hand side of the emission spectrum); (E) The digital images of 
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the photoluminescence of N-GQDs and CuNC@N-GQDs under normal light and UV (365 

nm) irradiation. 

 

Figure 5.2. Schematic of the synthesis and a representative structure of CuNC@N-GQD: 

the first step shows the formation of copper thiolate complex from CuSO4. In the second 

step, the copper thiolate complex, N-GQD is added, resulting in the formation of CuNC@N-

GQD. 

The lack of good temporal stability and stable photoluminescent 

characteristics of CuNCs remains a limiting factor for their practical applications. 

Hence, there is an urge to develop CuNCs with enhanced stability and luminescent 

features(Singh et al. 2020). The digital images of CuNC@N-GQD at the beginning 

(a and c) and at the end (b and d) of a one-year period in given in Figure 5.3A. The 

temporal stability of the CuNC@N-GQD was ≥ 365 days, which was demonstrated 

by the absorption and emission characteristics (Figure 5.3B-D) before and after ~365 

days, which show no apparent change in the emission profile over a one-year period. 

The retention of the absorption and emission intensity after one year with respect to 

the initial intensities were ~ 98 and ~ 91%, indicates a stable CuNC@N-GQD. The 

temporal stability reported(Koninti, Satpathi, and Hazra 2018; Shi et al. 2017; Singh 

et al. 2020) for CuNCs are 21, 30 and 180 days and the highest hitherto is ~180 

days(Koninti, Satpathi, and Hazra 2018). The comparatively higher stability of 

CuNC@N-GQD is therefore attributed to the presence of N-GQDs. Even though the 

N-GQD was added as a reducing agent, its presence in the product NC indicates that 

it acts as a capping agent/ligand similar to that of GSH. The CuNC is assumed to be 

interacting with the N-GQDs through the N-doped sites(Govindhan and Karthikeyan 

2017). The presence of N-GQD can make the CuNC more stable through (i) 

sterically protecting as a capping agent and (ii) by supplying electrons because of its 
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electron-rich aromatic basal planes containing conjugated  electrons and the non-

bonded electrons due to the effective N doping, which is explained in detail 

elsewhere(Saisree et al. 2021) which stabilizes the CuNCs from being oxidized, 

which is one of the main reasons for the CuNC being unstable.  

 

Figure 5.3. (A)  The digital images of the emissions of the CuNC@N-GQDs before (a and 

c) and after ~ 1 year of storage (b and d) under normal light (a and b) and at UV (365 nm) 

irradiation (c and d); (B) The UV-Vis spectra of CuNC@N-GQD; (C) and (D) The emission 

spectra of CuNC@N-GQD from 300 nm to 420 nm excitations; before and the after ~ 1 year 

of storage, respectively.  

5.3.2 Structure, size, and properties of CuNC@N-GQD 

 
The high-resolution transmission electron micrographs of the as-synthesized 

CuNC@N-GQDs are shown in Figure 5.4A, which is of relatively lower 

magnification and gives an overall idea of the NCs as its size distribution or 

uniformity in the size. The crystalline lattice fringes (Figure 5.4B) with an interlayer 

spacing of 0.21 nm are assigned to the (102) diffraction planes of sp2 graphitic carbon 

corresponding to the spacing between successive (102) C-C planes and that of 0.18 

and 0.20 nm to the (200) and (111) planes(Hu, Wang, and Huang 2016) of Cu0 

corresponding to the inter-atomic spacing between successive (200) and (111) Cu-

Cu planes. The data for plotting the histogram in Figure 5.4C is obtained from Figure 
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5.4A, which shows the average size distribution of CuNC@N-GQDs is from ~4 to 

5 nm.    

In an attempt to understand the number of Cu atoms in the NC, the 

CuNC@N-GQD were studied using electrospray ionization mass spectrometry time-

flight mass spectrometry. The mass spectrum of N-GQDs (Figure 5.4D) shows a 

base peak at the m/z value of 485 and that of the CuNC@N-GQD at 1675 (Figure 

5.4E). The calculated mass spectra (black traces) of N-GQDs and CuNC@N-GQDs 

match the experimentally observed (red traces) results, as shown in Figures 3F and 

3G, respectively. The dominant m/z peaks at 672 (Figure 5.4H) and 1675 indicate a 

possible Cu1-13(N-GQD)GSH cluster fragments, and the molecular ion peak 

corresponding to m/z 1675 can be denoted as Cu13(N-GQD)GSH(CH3O
-)3. The 

results indicate that the CuNC formed contains one N-GQD, and one GSH molecule; 

a possible structure of the CuNC@N-GQD is proposed, given in Figure 5.4I.  
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Figure 5.4. (A) The The high-resolution transmission electron micrograph of the synthesized 

CuNC@N-GQD; (B) The transmission electron micrograph reveals the d-spacings; (C) The 

size distribution of the CuNC@N-GQD as obtained from the transmission electron 

micrograph images; (D) The electrospray ionization mass spectrometry time-flight mass 

spectra of N-GQDs; (E) The electrospray ionization mass spectrometry time-flight mass 

spectra of CuNC@N-GQD; (F) and (G) Expanded negative mode electrospray ionization 

mass spectrometry time-flight mass spectra of N-GQDs and CuNC@N-GQD in m/z 485 

and 1675, respectively showing (a) experimental spectrum (red trace) is in good agreement 
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with (b) the calculated mass spectrum (black trace); (H) Expanded negative mode 

electrospray ionization mass spectrometry time-flight mass spectra of CuNC@N-GQD in 

m/z 672, showing (a) the calculated mass spectrum (black trace) is in good agreement with 

(b) experimental spectrum (green trace); (I) The possible structure of CuNC@N-GQD. 

 XPS analysis was carried out to confirm the presence of Cu and to determine 

the oxidation state of Cu in the samples along with the other elements. The survey 

scan spectrum of the CuNC@N-GQD (Figure 5.5A) revealed the peaks of C 1s 

(284.1 eV), O 1s (530.9 eV), N 1s (400.7 eV), and Cu 2p (934.4 eV). The high-

resolution C 1s X-ray photoelectron spectrum (Figure 5.5B) revealed the presence 

of C-C/C=C (284.7 eV), C-O (285.9 eV), C=O (287.9 eV), C–N (284.9 eV), and 

C=N (288 eV), and that of the N 1s (Figure 5.5C) indicates the presence of pyridinic 

(399.7 eV), pyrrolic (400.1 eV) and oxidized pyridinic (401.3 eV) N species39, which 

provide further evidence of the inclusion of N-GQDs with CuNCs. The two intense 

peaks at 932.7 and 951.9 eV (Figure 5.5D) are assigned to the 2p3/2 and 2p1/2 of 

Cu(0)(Han et al. 2018). A small peak at 954.7 eV suggests a very minimal presence 

of Cu(II) in the system, which may be the surface atoms. It can be noted that while 

comparing the high-resolution X-ray photoelectron spectroscopy spectrum of C 1s 

(Figure 5.5B), N 1s (Figure 5.5C), and O 1s (Figure 5.5E) of CuNC@N-GQD with 

that of the N-GQDs (Chapter 3, Figure 3.4 D, 3.4F-G), an observable difference 

exists in the peak characteristics such as a ~ 20% decrease in the peak intensities of 

C 1s, ~ 40% for N 1s and ~ 45% for O 1s with a corresponding shift in the peak 

positions of about ±1 eV for all the functionalities. The shift in the peak positions 

and the decrease in the peak intensity can be assigned to the formation of CuNC on 

N-GQDs facilitated mainly through the O and N functionalities of N-GQDs as the 

comparatively greater decrease in the intensity suggests.  
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Figure 5.5. (A) Survey X-ray photoelectron spectrum of CuNC@N-GQD; (B, C, D, and E) 

high-resolution X-ray photoelectron spectra of the C 1s, N 1s, Cu 2p, and O 1s, with the 

experimental results (black traces) and their related curve-fitted components (other coloured 

traces), of CuNC@N-GQD  

5.3.3 Electrochemical sensing studies of CuNC@N-GQDs 

 
Initially, the sensing properties of CuNC@N-GQD/GCEs were investigated 

using the following biomolecules:  DA, SER, NIC, FA, UA, AA, glucose, 

acetylcholine, EP, and NEP. The preliminary sensing studies showed that 

CuNC@N-GQD displays sensing ability towards only three biomolecules: DA, 

SER, and NIC. The comparative DPV profiles for the EC sensing of DA, SER, and 



140 
 
 

NIC (1 mM each) at a bare GCE, a CuNC@N-GQD/GCE, an N-GQD/GCE, and a 

CuNC@AA/GCE (Figure 5.6A) showed that CuNC@N-GQD/GCE exhibited three 

corresponding distinct oxidation peaks at 0.22, 0.38, and 0.95 V for DA, SER, and 

NIC, while NGQDs/GCE show only one broad peak arising from DA and SER. 

Meanwhile, the CuNC control displayed peaks only for NIC and none for DA and 

SER, indicating that the sensing of DA and SER on CuNC@GQD is due to the N-

GQDs and that of the NIC is due to the CuNC. A corresponding ~ 23-fold, ~ 12-

fold, and ~ 9-fold enhanced peak intensity was observed for DA, SER, and NIC at 

CuNC@N-GQDs than GCE, and this is attributed to the synergistic effects of CuNC 

and N-GQDs due to the structural changes that happened during the formation of the 

CuNC@N-GQD and the consequent improvement in the catalytic and conducting 

property of CuNC@N-GQD. We assume that the exfoliated nature of N-GQDs 

happened due to the attachment of CuNC during the formation of CuNC@N-GQD, 

which increased the conductivity of the N-GQD and the exposed active sites, in 

addition to the possible CuNC catalytic sites increased the catalytic activity. It is well 

known that doping graphene quantum dots with elements containing unpaired 

electrons such as N can improve their electron-donating ability, and our previous 

works34,39 have demonstrated that N-GQDs are better than the GQDs. Further, this 

structure enhanced the effective interactions between the CuNC@N-GQD and the 

analytes by enhancing the ring stacking or − interaction between the aromatic 

basal plane of N-GQDs with the aromatic ring or the  electrons of DA, SER, and 

NIC. The DPV profiles of the simultaneous quantitative sensing of DA, SER, and 

NIC on CuNC@N-GQD/GCE (Figure 5.6B) with the increasing concentrations 

shows an increase in the current responses of the three well-defined oxidation peaks 

with significant differences in the corresponding anodic peak potential (ΔEpa) of 

about 0.16, 0.57, and 0.73 V between DA and SER, SER and NIC, DA and NIC, 

which is indicative of the non-interference and the simultaneous sensing capability. 

The limit of detection values obtained for DA, SER, and NIC are correspondingly 

10-12, 10-9, and 10-11 M, and they are the lowest limit of detection reported so far for 

each of the analytes. 
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Figure 5.6. (A) The DPV responses of 1 mM each of DA, SER and NIC in 0.1 M PBS on 

Bare GCE, CuNC@N-GQD/GCE, N-GQDs/GCE and CuNC@AA respectively; (B) The 

DPV responses of DA, SER and NIC on CuNC@N-GQD/GCE from 10-12 to 10-3 M. 

5.3.4 Individual sensing studies 

 

The sensitivity and concentration dependency of CuNC@N-GQD/GCE 

towards the EC detection of DA, SER, and NIC were evaluated by recording the 

DPV response from 10-12 M to 10-5 M for DA (Figure 5.7A), 10-9 to 10-5 M for SER 

(Figure 5.7B), and 10-11 to 10-5 M for NIC (Figure 5.7C). The differential pulse 

voltammograms show that the current response of each analyte increases with 

concentration. The corresponding linear response towards DA, SER, and NIC falls 

in the corresponding concentration range of 10-12 to 10-6 M for DA (Figure 5.7D), 

10-9 to 10-6 M for SER (Figure 5.7E), and 10-11 to 10-6 M for NIC (Figure 5.7F). Two 

separate linear dynamic ranges (linear dynamic ranges) were obtained for each 

analyte: from 10-12 to 10-7 M (R2 = 0.982; N= 11) and 2×10-7 to 10-6 M (R2 =0.998; 

N= 6) for DA, whereas 10-9 to 10-7M (R2 =0.978; N= 11) and 2×10-7 to 10-6 M (R2 

=0.988; N= 6) for SER and from 10-11 to 10-7 M (R2 =0.977; N= 12) and 2×10-7 to 

10-6 M (R2 = 0.999; N= 6) for NIC. The corresponding sensitivity values obtained 

for DA, SER, and NIC from the linear dynamic ranges are 58, 24, and 20 nA nM-1 

cm-2, and the corresponding limit of detection values obtained for DA, SER, and 

NIC are 10-12 (Figure 5.7G, Curve c), 10-9 (Figure 5.7H, Curve c), and 10-11 M 

(Figure 5.7I, Curve c).  
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Figure 5.7. (A, B, and C) The DPV responses of DA, SER and NIC in 0.1 M PBS on 

CuNC@N-GQD/GCE from 10-12 to 10-5 M, 10-9 to 10-5 M and 10-11 to 10-5 M respectively; 

(D, E, and F) The linear dynamic ranges obtained for the sensing of DA, SER and NIC on 

the CuNC@N-GQD/GCE for the concentration range of 10-12 to 10-6 M, 10-9 to 10-6 M and 

10-11 to 10-6 M respectively; (G) The DPV response in 0.1 M PBS on CuNC@N-GQD/GCE 

(a) absence of DA and (b, c and d) in the presence of 0.1, 1 and 10 pM DA, respectively; 

(H) The DPV response in 0.1 M PBS on CuNC@N-GQD/GCE (a) absence of SER and (b, 

c and d) in the presence of 0.1, 1 and 10 nM SER, respectively; (I) The DPV response in 0.1 

M PBS on CuNC@N-GQD/GCE (a) absence of NIC and (b, c and d) in the presence of 1, 

10 and 100 pM NIC, respectively. 

In addition, the studies were carried out by varying the concentrations of each 

analyte by keeping the other two analytes at a constant concentration of 1 mM each: 

the concentration of DA was varied from 10-12 to 10-3 M, SER from 10-9 to 10-3 and 

that of NIC from 10-11 to 10-3 M. The results show that there was no interference for 

the analytes from the other even at the limit of the detection range (are 10-12, 10-9, 

and 10-11 M for DA, SER, and NIC). The value of the current responses of each 

analyte in the individual sensing (Figure 5.8A-7C) was in good agreement with that 

of in the simultaneous sensing studies (Fig. 5.6B), suggesting no interference of any 

of the analyte in the sensing of the other. The corresponding linear dynamic range 
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graphs (Figure 5.8D-F) exhibited two ranges with a coefficient of determination of 

R2 ≥ 0.96; N=16: from 10-12 to 9×10-5 M and 10-4 to 10-3 M; 10-8 to 8×10-5 M and 

9×10-5 to 10-3 M; and 10-11 to 5×10-5 M and 6×10-5 to 10-3 M for DA, SER, and NIC. 

The limit of detection values was the same for individual studies and are 10-12, 10-9, 

and 10-11 M for DA, SER, and NIC (Figure 5.8G, H, and I and insets). The unaltered 

peak positions, current responses with similar values in the presence (Figure 5.8A-

C) and the absence of the interferents (Figure 5.7A-C), and the same value for the 

limit of detection for analytes in the absence (Figure 5.7G-I) and in the presence 

(Figure 5.8G-I) of the analytes DA, SER and NIC indicate that there is no 

interference of analytes on each other and are evidence of the effective simultaneous 

sensing capability of CuNC@N-GQD. 

 

Figure 5.8. (A, B, and C) The simultaneous DPV responses of DA, SER, and NIC 

respectively by varying the concentrations from 10-12 to 10-3 M in the presence of 1 mM 

concentration of the other two analytes; (D, E, and F) The corresponding linear dynamic 

range  graphs of the simultaneous sensing of DA, SER, and NIC; (G, H and I) The DPV 

responses of the limit of detection values of DA (1 pM), SER (I nM) and NIC (10 pM) in 

the presence of 1 mM concentrations of the other two analytes; (Inset of G, H and I) The 

enlarged images of the limit of detections of DA, SER, and NIC. 
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As there are no literature reports of the simultaneous sensing of the three 

biomolecules: DA, SER, and NIC, the comparison of the analytical performance of 

CuNC@N-GQD/GCE were made with the reported EC sensor materials for 

DA(Arya Nair et al. 2022; Shellaiah et al. 2019), SER(Ashraf et al. 2021; Panneer 

Selvam and Yun 2020), or NIC(X. Li et al. 2017; Veeralingam and Badhulika 2020) 

or a combination of these (Table 5.1), if any. Fluorescence-based sensors such as 

carbon dots-gold nanoclusters(He et al. 2018) for DA, single-walled carbon 

nanotubes(Manuscript 2021) for SER, and o-carborane derivatives (K. Liu et al. 

2019) for NIC exhibited a limit of detection values of 2.9, 301, and 6.1 nM. The 

colorimetric based sensor such as 1-H-3-methylimidazolium acetate ionic liquid-

coated silver nanoparticles(Nishan et al. 2020) for DA, gold nanoparticle-dithio 

bis(succinimidylpropionate)-N-acetyl-L-cysteine for SER(Yilmaz 2018), and 

potassium permanganate and sodium hydroxide for NIC(Al-Tamrah 1999) exhibited 

lower detection limits of 11.8, 0.1, and 0.43 M. In all the above-mentioned sensors 

including those given in Table 5.1, CuNC@N-GQD exhibited the lowest reported 

detection limit for all the three analytes, which indicates the merit of the sensor 

material. The simultaneous sensing is attributed to the combination of CuNC and N-

GQD and is understood from the observations that the aromatic basal plane of N-

GQDs is responsible for DA and SER sensing and the effective − interaction 

between the aromatic basal plane of N-GQDs in CuNC@N-GQD with the aromatic 

rings of DA facilitated the comparatively enhanced sensitivity towards DA. In 

contrast, the CuNC facilitated the NIC sensing through the pyrrolic-N interaction. 

Hence the synergic effect of CuNC and N-GQD is responsible for the excellent 

simultaneous sensing applicability. The enhancement in the current response of all 

the three analytes in the CuNC@N-GQD compared to the controls is attributed to 

the electron-rich N-GQDs. The N-doping in N-GQD provides an electron-rich 

environment that facilitates the uphold sensitivity along with the CuNC and is also 

responsible for the stability of CuNC@N-GQD. Hence, the N-GQDs play a 

significant role in the synthesis and application in the present study 
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Table 5.1. Comparison of the limit of detection of CuNC@N-GQD/GCE with that of the 

literature reports of EC sensors of DA, SER, and (or) NIC. 

Materials/ 

Electrodes  
Detection 

Strategy 
Analytes LOD 

(μM) LDR (μM) 
Reference 

Graphene 

oxide and 

electropolymer

ized 

p-aminobenzen

esulfonic acid 

mixed film 

Simultaneous DA 0.09  0.3–20  (Ran, Li, 

and Xia 

2020) SER 0.2  0.6–20  

Reduced 

graphene 

oxide/ Fe
3
O

4
 

nanoparticles/ 

hydroxypropyl

-β-cyclodextrin 

nanocomposite 

Simultaneous DA 0.0067  0.02 – 25  (Liang et 

al. 2019) 

SER 0.0033  0.01 – 25  

NiO/carbon 

nanotube 

(CNT)/poly(3,

4-

ethylenedioxyt

hiophene) 

composite  

Simultaneous DA 0.026  0.03–20  (Sun et al. 

2018) 

SER 0.063  0.3–35  

Fe-doped 

MgNi
2
O

3
 

nanoparticles 

Simultaneous DA 0.017  0.1–1000  (Reddy et 

al. 2020) NIC 0.098  50–6000  

CuNC@N-

GQD 
Simultaneous DA 0.000001 0.000001-1 Our Result 

SER 0.001 0.001-1  
NIC 0.00001 0.00001-1  

 

5.3.5 Mechanism of sensing of DA, SER, and NIC by 

CuNC@N-GQD 

 
In the sensing property of CuNC@N-GQD, comparing the results for DA 

and SER, it can be observed that DA has a ~ 2-fold higher current response than that 

of SER, which indicates that CuNC@N-GQD is better electrode material for DA 

than that of for SER. The simultaneous sensing capability can be explained by the 

different interactions between the aromatic benzene ring of DA, compared to the 

indole ring of SER, with the benzene rings of the graphene structure of N-GQDs. 

More specifically, the benzene ring is more planar and aromatic than the indole ring, 
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making the former more effectively interact with graphene through ring-stacking 

and  −  bonds. The effective interaction between the graphitic basal plane and 

benzene ring of DA has previously been reported by us(Ramachandran, Panda, and 

Karunakaran Yesodha 2018) to lead to superior sensing of DA. Though NIC is 

aromatic, the non-planar nature of the ring structure makes the effective interaction 

between the NIC and N-GQDs difficult. The interaction between the pyrrolic-N of 

NIC with the Cu moieties of the CuNC is thought to be the reason for the sensing of 

NIC by CuNC(Inoue et al. 1990). It is known that N-atoms can preferentially interact 

with Cu, and the pyrrolic N-atom in the NIC can interact with the Cu through 

oxidative addition or by the charge transfer from the Cu to the N atoms which may 

be the reason for the sensing of NIC by CuNC@N-GQD(Karthika et al. 2019). 

However, an enhancement in the current response was observed with CuNC@N-

GQD for NIC compared to that of the control CuNC. It can be assumed that since 

during the interaction with CuNC, the NIC comes in close proximity with N-GQDs 

which may lead to − stacking interaction between the pyridine moiety in NIC and 

the graphene of N-GQDs, which may enhance the current response in addition to the 

better conductivity and catalytic activity of CuNC@N-GQD compared to that of the 

CuNC. Thus, the N-GQDs in the CuNC@NGQD are responsible for the sensing of 

DA and SER and CuNC for NIC and the exfoliated nature of N-GQDs and the 

presence of CuNC which enhances the active sites and the electrocatalytic activity 

and the conductivity responsible for the enhanced current response and the better 

peak-to-peak separation The schematic representation of comparative sensing 

capabilities of GCE and CuNC@N-GQD/GCE is shown in Figure 5.9(i). The 

corresponding oxidation mechanisms of DA, SER, and NIC involved on CuNC@N-

GQD/GCE (Figure 5.9(ii)), a graphic representation of the enhanced release of DA 

and SER in the brain during NIC intake (Figure 5.9(iii)), and a flowchart diagram 

showing the functional correlation between DA, SER and NIC (Figure 5.9(iv)) were 

depicted below. Further, even though DA, EP, and NEP have almost identical basal 

structures, only DA was sensed by CuNC@N-GQD. An illustration of the effective 

− stacking interaction among the analytes DA, SER, NIC, EP, and NEP, and 

CuNC@N-GQD is depicted in Figure 5.9(v). This can be explained based on the 

steric hindrance from the bulkier side functionalities such as OH and NH2 for EP 

and NEP, which can impede the effective − stacking interaction and the sensing 
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by CuNC@N-GQD. Thus, the comparatively less hindered, aromatic, and planar 

structural features of DA, SER, and NIC play a role in its effective simultaneous 

sensing on CuNC@N-GQD.  

 

Figure 5.9 (i) The schematic diagram showing the modification of GCE with the CuNC@N-

GQD and the resultant enhanced sensing of DA, SER and NIC;  (ii) The oxidation 

mechanisms of DA, SER and NIC on CuNC@N-GQD/GCE; (iii) A diagrammatic 

representation of the enhanced release of DA and SER in brain during NIC intake; (iv) A 

flowchart diagram showing the fuctional correlation between DA,SER and NIC; (v) The 

interactions among CuNC@N-GQD and the analytes DA, SER, NIC, EP and NEP based on 

the structural and functional features.   

5.3.6 Selectivity and Interference Studies 

 
The practical applicability of a sensor is entirely hinged on its sensitivity and 

selectivity. The developed material CuNC@N-GQD exhibits corresponding 

commendable sensitivity of 58, 24, and 20 nAnM-1cm-2 towards DA, SER, and NIC. 

Thus, the interference studies of the developed material are necessary to validate its 

practical applicability. The DPV profiles of the simultaneous sensing of DA, SER, 

and NIC in a mixture of other analytes of biological relevance (Figure 5.10A) and 

the corresponding histogram (Figure 5.10B) show no significant current response 

from any of the other biomolecules, indicating the selectivity of the material towards 

DA, SER and NIC.  

 

 



148 
 
 

5.3.7 Reusability, Reproducibility and Stability Studies 

 
Stability studies of CuNC@N-GQD were conducted for a period of three and 

six months. The results (Figure 5.10C) show that the percentage retention of the 

current response with respect to the initial current responses is ~ 96% and ~ 91% for 

DA, ~ 96% and ~ 89% for SER, and ~ 94% and ~ 88% for NIC in the third and sixth 

month, respectively. For reproducibility studies, the current responses of five 

different electrodes towards 1 mM each of DA, SER, and NIC (Figure 5.10D) shows 

a relative standard deviation of the peak currents of these individually prepared 

electrodes was found to be 1.32 % for DA, 0.77 % for SER, and 0.98 % for NIC, 

which specifies its good reproducibility. The reusability of the CuNC@N-

GQD/GCE electrode was scrutinized by comparing the peak currents for 1 mM DA, 

SER, and NIC on CuNC@N-GQD/GCE (Figure 5.10E) before and after multiple 

times of washing and showed ≥ 90% retention after 20 times of washing. 
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Figure 5.10. (A) and (B) Selectivity studies of CuNC@N-GQD/GCE towards DA (100 nM), 

SER (10 M), and NIC (10 M)  in the presence of various analyte species (1 mM each); 

(C) Differential  pulse voltammetry profiles obtained for DA, SER and NIC (1 mM each) 

on CuNC@N-GQD/GCE showing the stability of the sensor for 3 months and 6 months; 

(D) The peak currents of five independently coated electrodes showing the reproducibility 

of CuNC@N-GQD/GCE; (E) The DPV curves after immediate washing for twenty times 

showing the reusability of the sensor. 

5.3.8 Real-life sample studies 

 
The CuNC@N-GQD/GCE was further utilized for the detection of DA, SER, 

and NIC in real-life human blood and urine samples via the standard addition 
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method, where known amounts of DA, SER, and NIC were added to the diluted 

(1000x) blood and urine samples and the recovery amounts were measured. The 

DPV profiles are given in Figure 5.11A-H, and the corresponding measurements are 

summarized in Table 5.2. The recovery calculated was found to be in the range of 

100.2-101.3 %. The high recovery values indicate the successful applicability of the 

proposed electrode for the determination of DA, SER, and NIC in real biological 

samples. 

 

Figure 5.11. The DPV responses of (a) 0.1 M PBS, (b) 0.5 M, (c) 1 M and (d) 2 M each 

of DA, SER and NIC (A, C and E) in blood, and (B, D and F) in urine respectively; The 

DPV responses of (a) 0.1 M PBS, (b) 0.5 M, (c) 1 M and (d) 2 M of DA, SER and NIC 

simultaneously in (G) blood and (H) urine respectively 
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Table 5.2. The recovery test results of DA, SER, and NIC in human blood and urine samples. 

Sample 

No. 
Analyte 

Spiked(M) 

  
 

Found* 

(M) 

Recovery (%) 

1 0.500 Dopamine Blood  0.504 100.80 

Urine 0.503 100. 60 

Serotonin Blood 0.506 101.20 

Urine 0.505 101.00 

Nicotine Blood  0.501 100.20 

Urine 0.502 100.40 

2 1.000 Dopamine Blood  1.011 101.10 

Urine 1.009 100.90 

Serotonin Blood 1.012 101.20 

Urine 1.013 101.30 

Nicotine Blood  1.007 100.70 

Urine 1.008 100.80 

3 2.000 Dopamine Blood  2.008 100.40 

Urine 2.006 100.30 

Serotonin Blood 2.015 100.75 

Urine 2.017 100.85 

Nicotine Blood  2.021 101.05 

Urine 2.020 101.00 

* All the recovery values fall within the relative standard deviation of 1% 

5.4 Conclusion 

In this work, a stable CuNC on N-GQDs was developed using N-GQDs as the 

reducing agent and N-GQDs and GSH as the stabilizing agent. The CuNC@N-GQD 

shows inimitable simultaneous and enhanced sensing characteristics towards the 

three functionally correlated neurofunctional molecules DA, SER, and NIC and 

exhibits exquisite sensitivity with good peak-to-peak separation. The corresponding 

~4, ~4, and ~2-fold higher sensitivity of CuNC@N-GQD compared to the controls 

is attributed to the synergistic effect of the N-GQDs and the CuNC. During 

CuNC@N-GQD formation, the exfoliation of the N-GQDs due to the formation of 

CuNC on the N-GQDs and thus a consequent increase in the electroactive surface 

area, active sites, amplified electron cloud, exposed hetero atom functionalities, and 

the better electrocatalytic activity arises. The corresponding limit of detection 

obtained was 1 x 10-3, 1, and 1 x 10-2 nM for DA, SER, and NIC, which are hitherto 

the lowest reported values. The interactions between the sensor and the analytes 

through ring stacking or heteroatom sites or the − interaction between the 
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aromatic basal planes or the combination of all is assigned to the enhanced sensitivity 

and the presence of different sites which promote interactions to the simultaneous 

sensing capability. The CuNC@N-GQD modified electrode exhibited good 

reproducibility, reusability, and stability. The excellent recovery percentages in the 

real sample study, ~ 100 %, with the recovery values falling within the relative 

standard deviation of 1%, in all the tested blood and urine samples, show the 

potential applicability of the developed sensor in real-time monitoring.     
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CHAPTER 6 

Selective Electrochemical Sensing of Glycine by 

an Ultra-stable Gold-Copper Nano Cluster on 

Nitrogen-Doped Graphene Quantum Dot 

 

This chapter discusses the preparation and characterization of an ultra-

stable gold copper nanocluster on nitrogen-doped graphene quantum dot 

(AuCuNC@N-GQD), with the stability of ≥1 year, achieved through a galvanic 

exchange process. The AuCuNC@N-GQD was characterized by various techniques 

such as TEM, XPS, Mass, UV-Vis and Fluorescence spectroscopic techniques. The 

AuCuNC@N-GQD displayed intense solid- and solution-state near-infrared (NIR) 

emission. Further, the NC exhibited selective and enhanced sensing of glycine (GLY) 

through (non-enzymatic) electrochemical strategy. The enhanced and selective 

sensing of AuCuNC@N-GQD towards GLY is assigned to the preferential Au-GLY 

interaction and the improvement in the electronic and conductivity characteristics 

of the NC. Further, the sensing capabilities of AuCuNC@N-GQD were evaluated 

and discussed in detail and which were successfully extended to real blood and urine 

samples spiked with GLY to validate its practical applicability 

6.1 Introduction 

Benefiting from their exceptional electronic properties, quantum size effect, 

and high catalytic activity, metal nanoclusters (MNCs), have recently emerged as 

highly attractive materials for biological imaging, sensing, catalysis, and light-

emitting devices(Bai et al. 2020; Y. Chen et al. 2018; Das et al. 2015; Hu et al. 2016; 

Lai, Wong, and Rogach 2020; Toshima et al. 2001). Fluorescent NCs of noble 

metals: gold (Au), silver (Ag), and copper (Cu) using various capping agents such 

as thiolate ligands(Nasaruddin et al. 2018), protein(Goswami et al. 2011), 

polymers(Gui et al. 2014), and DNA(Jia et al. 2012) has been reported and explored 

for various applications. Though Cu is relatively more earth-abundant and cost-

efficient, reports on Cu-containing NCs, either monometallic or bimetallic, 

compared to Au and Ag NCs, are less in number(Lin et al. 2021) due to its 
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susceptibility to oxidation and the resultant lower temporal stability(Ghosh et al. 

2014). Even with thiolate as a capping agent, a most functional of smaller ligand 

category, which has the ability to form stable metal-sulfur covalent bonds(Pei and 

Zeng 2012) with the metals such as Au, Ag, and Cu, the CuNCs were prone to 

oxidation(W. Wang et al. 2014) which led to lower temporal stability of the NCs. 

Therefore, usually, larger molecules such as polymers(Díez and Ras 2011), 

DNA(Rotaru et al. 2010), proteins(Mathew, Sukumaran, and Joseph 2018), and 

peptides (Zhenguang Wang, Chen, and Rogach 2017) as steric capping agents for 

stabilising NCs. Even though these larger molecules can comparably stabilize the 

NC, using larger molecules in the synthesis causes characterization difficulties(S., 

Arya, and K. Y. 2022a) and lower accessibility of NCs leading to lower performance.   

Recently, a CuNC containing nitrogen-doped graphene quantum dots (CuNC@N-

GQD), with stability ≥ 1 year was reported by our group(S., Arya, and K. Y. 2022a). 

The improved stability of the CuNC compared to the reported ones(Koninti, 

Satpathi, and Hazra 2018) was attributed to the presence of N-GQD, which acted as 

a capping/stabilizing agent by supplying electrons and thus stabilized the CuNCs 

from being oxidized and the CuNC@N-GQD exhibited simultaneous and enhanced 

sensing characteristics towards the three functionally correlated neurofunctional 

molecules dopamine (DA), serotonin (SER), and nicotine (NIC).  

Impressed with the sensing property and a conspicuously high stability of 

~365 days(S., Arya, and K. Y. 2022a) of the CuNC@N-GQD, we attempted to 

synthesis a bi-MNCs version consisting of Au. The attempt was motivated by the 

knowledge that bimetallic NCs (bi-MNCs) have improved catalytic properties(Yuan 

et al. 2015) and versatility in applications compared to the monometallic NCs 

(mono-MNCs). Of the different strategies for the synthesis of bi-MNCs such as  co-

reduction which is a one-pot synthesis involving the reduction of two metal ions 

simultaneously in a reaction solution in the presence of a protecting ligand; and the 

post-treatment method which involves two steps: (i) the preparation of the 

precursors/intermediates and  (ii) the post-treatment of the precursors/intermediates, 

via galvanic exchange (GE)(J. Zhou et al. 2018), anti-galvanic replacement 

(Shellaiah et al. 2019), under-potential deposition, thiol-etching, or re-

organization(Shellaiah and Sun 2017). We adopted the latter method via GE which 

can generate MNCs with controlled compositions and architectures. Thus, here in 
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this work, we have synthesized an Au-Cu bi-MNC, from the CuNC@N-GQD(S., 

Arya, and K. Y. 2022a), hereafter referred to as AuCuNC@N-GQD. As expected, 

the synthesised AuCuNC@N-GQD exhibited impressive temporal stability of one-

year, which remains the highest stability attained so far for AuCuNCs. The 

maximum temporal stability reported hitherto for AuCuNCs was of six-months 

where albumin bovine serum acts as the protecting ligand(Cai et al. 2020). As the 

stability is an important parameter for a sensor material, the highest temporal 

stability possessed by the synthesised material with a smaller protecting ligand, is 

one of the merits of the present study. 

Further, the AuCuNC@N-GQD exhibited a red-shifted emission in the 

yellow region compared to the green emissive CuNC@N-GQD(S., Arya, and K. Y. 

2022a), and possessed an additional property of highly intense solid-state (orange) 

emission in the near-infrared (NIR) region. Most of the materials which exhibits 

emission in their solution state, tend to lose the intensity or become non-emissive in 

the solid-state because of aggregation/agglomeration induced quenching(Shellaiah 

et al. 2019). Strategies such as utilization of macrocycles like pillarenes are 

employed to boost the emissive properties of compounds to obtain persistent and 

enhanced emission in both solution and the solid-state(Lou, Song, and Yang 2019) 

as they are highly applicable in optoelectronic devices, biological imaging, pollutant 

sensors, display media, and so forth(Lou, Song, and Yang 2019) and further solid-

state emissive nanomaterials has potential in phosphor-based light-emitting diodes 

(LEDs), security ink, and fingerprint detection(X. F. Wang et al. 2019), which makes 

, the solution and solid-state emissive properties of AuCuNC@N-GQD significant.  

The preferential interaction between Au-glycine (GLY) and the ability of Au 

to form a stable complex with GLY than other amino acids was reported elsewhere 

in detail(Xie, Lei, and Fang 2012). Inspired by these, we attempted the sensing of 

GLY using AuCuNC@N-GQD, as GLY, is an important amino acid of the proteins 

in the human body(Razak et al. 2017), and the deficiency of which can lead to failure 

of the immune response, low growth, abnormal nutrient metabolism, obesity, 

diabetes, gout, schizophrenia, and hyperglycinaemia (glycine encephalopathy)(Q. 

Wang et al. 2022), making it an additive in food products and an active 

pharmaceutical ingredient(Razak et al. 2017). Thus, the quantitative sensing of GLY 
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holds a high significance in the commercial and scientific fields of biology, 

medicine, and food science. Present methods of detection of GLY involves enzymes 

whether it is a complex method such as liquid chromatography(Marrubini, 

Caccialanza, and Massolini 2008), spectrophotometry(Keskin and Keskin 2014), 

fluorescence assay kits(Rosini et al. 2014) and it possess de-merits such as pre-

sample preparation, experimental complexity, difficulty in attaining higher 

sensitivity and lower LOD, time-consuming and not at all cost-effective(Keskin and 

Keskin 2014), whereas electrochemical (EC) methods are relatively simpler, has 

higher sensitivity, low operating cost, easily portable nature and fast 

response(Saisree et al. 2021b). In this work, we demonstrate the sensing property of 

AuCuNC@N-GQD towards GLY via EC method. This is the first-time report of an 

EC non-enzymatic sensor material for GLY. The only one another report on EC 

GLY sensor, is an enzymatic sensor, and the method used is chronoamperometry(Q. 

Wang et al. 2021). The AuCuNC@N-GQD exhibited an ultra-selectivity with a 

sensitivity and LOD values of 0.377 AM-1cm-2 and 10 nM, which is the lowest 

reported, and an LDR ranging from 0.01 to 1000 M. In general, enzymatic 

detection is high maintenance, due to high cost, one-time use, experimental 

complexity, and lower stability. The obtained LOD value in EC sensing platform is 

the lowest reported hitherto, which is significantly lower than the physiological level 

concentration of GLY (170-330 M)(Q. Wang et al. 2021). The selective sensing of 

AuCuNC@N-GQD towards GLY was attributed to the stable and selective Au-GLY 

interaction and the enhancement in the current response to that of the controls to the 

structural characteristics of the AuCuNC@N-GQD, such as the presence of N-GQD 

as compared to the control AuCuNC. The selective enhanced sensing of GLY by 

AuCuNC@N-GQD, which is attributed to the enhanced conducting properties along 

with the unique interaction that is available between the sensor material and the 

analyte, due to the presence of both the N-GQD and AuCuNC. Furthermore, 

augmenting the observed selective and sensitive sensing of GLY together with the 

possible miniaturization properties of EC sensors, the sensing studies were extended 

to real sample studies to validate the potentiality of the present work in real-time 

sensing applications. 
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6.2 Experimental Section 

6.2.1  Synthesis of AuCuNC@N-GQD 

The synthesis of AuCuNC@N-GQD was done through the GE method as 

follows: in a typical synthesis, 0.5 mL of AuCl3(~ 0.17 M) was added to 6 mL of 

CuNC@N-GQD, the synthesis procedure of N-GQD and CuNC@N-GQD are 

reported elsewhere(Ramachandran, Arya Nair, and Karunakaran Yesodha 2019a)-

(Saisree, Arya Nair, and Sandhya 2022) by our group. The reaction mixture was 

stirred for 4 h at 65 °C until the turbid solution became clear. Then the solution was 

allowed to cool down to RT. The clear solution was centrifuged at 14000 rpm for 20 

minutes, and the supernatant solution was stored at 4 ºC for further studies. An 

AuCuNC was made using ascorbic acid as a reducing agent using a reported 

procedure(S., Arya, and K. Y. 2022b)-(Huang et al. 2016) as a control. 

6.2.2 Preparation of Electrodes for EC Sensing 

The samples (AuCuNC@N-GQD, CuNC@N-GQD, AuCuNC and N-GQD) 

were drop cast over separate cleaned GCE, (pre-treatment and modification of GCE 

given in the experimental chapter), with care and then allowed to dry for 24 hours at 

the RT to achieve the modified electrodes.  

6.2.3 EC Methods 

The EC behaviour of the analytes: DA, NIC, SER, Glu, AA, FA, H2O2, ACH, 

GLY, ALA, VAL, LEU, IsLEU, LYS, TYR, MET, PRO, CYS, HIS, ARG, ASP, 

ASA, GA, GLN, on the surface of the AuCuNC@N-GQD/GCE was investigated 

using CV, and DPV at RT. A 20 µL of AuCuNC@N-GQD solution was drop cast 

onto a GCE for making the working electrodes. Since the current response 

corresponding to GLY in 0.1 M PBS was ~25 times lower than that of in 0.1M NaOH 

on AuCuNC@N-GQD/GCE, 0.1M NaOH was used as the electrolyte for the studies 

unless otherwise specified. 
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6.3 Results and Discussions 

6.3.1  Synthesis and Formation of AuCuNC@N-GQD 

The synthesis of AuCuNC@N-GQD was carried out as described in the 

experimental using the GE reaction process, where the metal (Cu) atoms in 

clusters/nanoparticles which have lower oxidation potential are in contact with the 

Au(III) ions with higher oxidation potential, oxidizes the lower oxidation potential 

metal atoms on the surface of cluster/nanoparticles to ions and the metal ions with 

higher oxidation potentials undergoes reduction and replace them on the surface of 

the metal cluster/nanoparticles. Thus, here when AuCl3 is added to CuNC@N-GQD, 

some of the Cu atoms on the surface are replaced by Au atoms. As the molar 

concentration of AuCl3 added is half that of the CuSO4 initially taken in the first step 

for making CuNC@N-GQD, possibly only the surface Cu atoms are oxidized by 

Au(III) to form Au(0) and Au(I) atoms, which resulted in the formation of 

AuCuNC@N-GQD.  

6.3.2 Structure, Size, Stability and Properties of 

AuCuNC@N-GQD 

The HR-TEM micrographs given in Figure 6.1A, shows that the of the 

AuCuNC@N-GQD are of uniform in size (~4.5 nm). The crystalline lattice fringes 

(Figure 6.1B) with an interlayer spacing of 0.21 nm is assigned to the (102) 

diffraction planes of sp2 graphitic carbon (Saisree, Nair, and Sandhya 2022) and that 

of 0.23 nm corresponds to (111) plane of Au-Cu alloy(M. Liu et al. 2016). The 

histogram shows a narrow size distribution of AuCuNC@N-GQD from 4 to 5 nm 

(Figure 6.1C). 

While the UV-Vis spectrum of CuNC@N-GQD (Figure 6.1D) has only one 

peak at ~ 230 nm, AuCuNC@N-GQD has two, at ~ 230 and 360 nm, the latter is 

attributed to the AuNC moiety in the system, which is in good agreement with the 

reported values(Yang et al. 2016). The absence of the characteristic plasmonic 

band(S., Arya, and K. Y. 2022a) (500-600 nm) (Inset of Figure 6.1D) of larger 

nanoparticles (NP) in the visible region is an indicative of the absence of NP (Au/Cu) 

formation. The emission spectrum of AuCuNC@N-GQD (Figure 6.1E) consists of 

two well-defined peaks at ~ 380 and 490 nm, and that of CuNC@N-GQD consists 
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of two well-defined peaks at ~ 330 and 450 nm. The enhanced and red shifted (green 

to yellow) emission (Figure 6.1Fa-d) of AuCuNC@N-GQD compared to that of 

CuNC@N-GQD is assigned to the incorporation of Au atoms in the NC. The digital 

images (Figure 6.1Fa&b and c&d) show the comparative emission characteristics of 

CuNC@N-GQD and AuCuNC@N-GQD under normal light and UV (365 nm) 

irradiation. The CuNC@N-GQD (Figure 6.1Fc) is green emissive, whereas the 

AuCuNC@N-GQD (Figure 6.1Fd) is yellow emissive with the corresponding 

quantum yields of ~19 and 24 % respectively. In addition, unlike the CuNC@N-

GQD, the AuCuNC@N-GQD possesses an intense solid-state orange emission, 

(Figure 6.1Fe-h).  

 

Figure 6.1. (A and B) The HR-TEM images of the AuCuNC@N-GQD and the 

corresponding d-spacings; (C) Histogram of the AuCuNC@N-GQD from the TEM images; 

(D) The UV-Vis spectra of AuCuNC@N-GQD, and CuNC@N-GQD; (Inset of D) The 

enlarged image of UV-Vis spectra in the visible region; (E) The emission spectra of 

AuCuNC@N-GQD, and CuNC@N-GQD; (F) The digital images of the photoluminescence 

of the CuNC@N-GQD and AuCuNC@N-GQD under normal  ( a and b) and short-UV (365 

nm) ( c and d)  irradiation , the solid-state emissions of AuCuNC@N-GQD under normal 

light (e) and short-UV (365 nm) (f), and the emission characteristics of AuCuNC@N-GQD 

on GCE under normal light (g) and short-UV (365 nm) (h) respectively.  
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The higher susceptibility of Cu towards oxidation makes the synthesis of 

stable Cu containing NCs, challenging, either mono- and bi-MNCs. The lower 

temporal stability remains a limiting factor for their practical applications such as 

sensing, bioimaging and so on. Hence, it is pertinent to synthesis Cu containing NCs, 

with enhanced stability. The absorption (Figure 6.2A) and emission characteristics 

(Figure 6.2B) and the digital images of AuCuNC@N-GQD under visible and short 

UV (365 nm) after a one-year of storage (inset of Figure 6.2A and 6.2B), 

respectively, shows the invariable emission characteristics of AuCuNC@N-GQD 

indicating its temporal stability. It can be noted that the retention of the absorption 

and emission intensity after one year with respect to the initial intensities were ~ 92 

and ~ 96%, indicating a temporal stability up to one year. The highest stability 

reported hitherto for AuCuNC was six months(Cai et al. 2020) and hence our 

material AuCuNC@N-GQD possess the highest stability so far. In our previous 

work a similar temporal stability of CuNC@N-GQD for about one year was 

explained based on the presence of N-GQDs(S., Arya, and K. Y. 2022a). Thus, the 

stability of AuCuNC@N-GQD is attributed to the presence of N-GQDs, which can 

(i) sterically protect the NC by acting as a capping agent and (ii) by supplying 

electrons from its electron-rich aromatic basal planes, thus preventing/minimizing 

the oxidation susceptibility of Cu atoms in the NC(S., Arya, and K. Y. 2022a).  

 

Figure 6.2. (A) The UV-Vis spectra of AuCuNC@N-GQD before and after ~1 year of 

storage; (B) The emission spectra of AuCuNC@N-GQD before and after ~1 year of storage; 

inset of (2A and 2B) The digital images of AuCuNC@N-GQD under visible and short UV 

(365 nm) after ~1 year of storage respectively. 

In an attempt to confirm the formation and understand the number of Au and 

Cu atoms in the NC, the AuCuNC@N-GQD was studied using ESI-MS-TOF mass 

spectrometry. The mass spectra of AuCuNC@N-GQD (Figure 6.3A) showed a base 
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peak at the m/z value of 2199. The base peak(S., Arya, and K. Y. 2022a) obtained 

for N-GQD (Chapter 5, Figure 5.4D) was at 485 and for CuNC@N-GQD was at 

1675 (Chapter 5, Figure 5.4E). The experimentally observed mass spectrum (Figure 

6.3B) of AuCuNC@N-GQD match well with its calculated mass spectrum (Figure 

6.3C). From the above spectral data, it can be suggested that the AuCuNC formed is 

associated with four Au atoms replacing four Cu atoms of CuNC@N-GQD by GE 

and thus the molecular ion peak corresponding to m/z 2199 can be denoted possibly 

as Au4Cu9(N-GQD)GSH. A schematic of the formation and the possible structure of 

AuCuNC@N-GQD based on the mass spectroscopic analysis is shown in Figure 6.4. 

 

Figure 6.3. (A) MS-ESI-TOF mass spectra of AuCuNC@N-GQD; Expanded negative mode 

MS-ESI-TOF of AuCuNC@N-GQD in m/z 2199 showing (B) experimental spectrum (red 

trace) is in good agreement with (C) the calculated mass spectrum (black trace) 
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Figure 6.4. Schematic of the synthesis of AuCuNC@N-GQD from CuNC@N-GQD by the 

addition of AuCl3/H2O and the illustration of the formation of yellow emissive 

AuCuNC@N-GQD from the green emissive CuNC@N-GQD 

The XPS analysis was carried out to confirm the presence of Au and Cu and 

the other elements and their oxidation states. The survey scan spectrum of the 

CuNC@N-GQD (Figure 6.5A) exhibited the peaks of C 1s, O 1s, N 1s, and Cu 2p, 

whereas that of AuCuNC@N-GQD exhibited Au4f peaks in addition to C 1s, O 1s, 

N 1s, and Cu 2p thus confirming the inclusion of Au. The high-resolution C 1s XPS 

spectrum of AuCuNC@N-GQD (Figure 6.5B) revealed the presence of C-C/C=C 

(284.7 eV)(Mukthar Ali and Sandhya 2016), C=O (287.9 eV)(Nair J.S, Saisree, and 

Sandhya 2022), and C=N (288 eV)(Saisree, Nair, and Sandhya 2022) and that of the 

N1s (Figure 6.5C) indicating the presence of pyridinic (398.8 eV) and pyrrolic 

(401.1 eV) groups(Saisree et al. 2021b) which further confirms the inclusion of N-

GQD in the formed NC. The binding energy of Au 4f7/2 (Figure 6.5D) was located 

between 84.9 eV and 88.2 eV indicating the coexistence of Au(0) and Au(I) in the 

AuCuNC@N-GQD(Shellaiah et al. 2019). The two intense peaks at 932.70 and 

951.9 eV (Figure 6.5E) are assigned to the 2p3/2
 and 2p1/2 of Cu(0). Thus, the results 

suggest the formation of AuCuNC@N-GQD. 
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Figure 6.5. (A) The XPS survey spectra of AuCuNC@N-GQD and CuNC@N-GQD; (B, C, 

and D) The high-resolution XPS C 1s, Au 4f, and Cu 2p spectra of the AuCuNC@N-GQD 

6.3.3 EC Sensing Studies of AuCuNC@N-GQD 

There have been reports of Au-aminoacid (AA) interactions where Au-GLY 

interaction is well known. Further, our group has previously reported(S., Arya, and 

K. Y. 2022a) the simultaneous and superior sensing of DA, SER, and NIC by 

CuNC@N-GQD, which acts as a precursor of this NC. Because of these reasons, we 

attempted to investigate the sensing capability of AuCuNC@N-GQD/GCE towards 

various biomolecules, including DA, SER, NIC, FA, UA, AA, GLU, GLY, THR, 
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TRY, MET, HIS, ACH and other amino acids. The preliminary study result (Figure 

6.6A) showed three distinct oxidation peaks at 0.20, 0.73, and 1.2 V for DA, GLY, 

and HIS, respectively, on AuCuNC@N-GQD/GCE. Because there are many reports 

on the EC sensing of DA(Arya Nair et al. 2022)-(Ramachandran, Panda, and 

Karunakaran Yesodha 2018) whereas there are no reports on the sensing of GLY by 

a non-enzymatic electrode and the peak current value obtained for HIS (1 mM) is so 

of low value (3.7 A) and was at a higher potential value (1.2V), further studies were 

focused on the sensing of GLY. The DPV profiles (Figure 6.6B) for the EC sensing 

of GLY reveals that the modification by AuCuNC@N-GQD/GCE resulted in a ~ 

27-fold increase in the current response for GLY to that of the unmodified GCE, and 

N-GQD/GCE, and ~23 fold than that of the CuNC@N-GQD/GCE and 

AuCuNC/GCE. The observed enhancement in the current response for GLY on 

AuCuNC@N-GQD compared to the control AuCuNC shall be attributed to the 

improved conductivity due to the presence of N-GQD. This observation was further 

validated by the EIS plots (Figure 6.6C), it can be seen that the diameter of the 

semicircles was in the order of: bare GCE (5 kΩ) > AuCuNC/GCE (4 kΩ) > 

AuCuNC@N-GQD/GCE (0.5 kΩ), which suggest that the charge-transfer resistance 

(Rct) was lowest for AuCuNC@N-GQD/GCE. The better charge-transfer property 

of AuCuNC@N-GQD/GCE to that of AuCuNC, is assigned to the comparatively 

better conductivity properties of AuCuNC@N-GQD due to the presence of N-GQD 

in the latter. Thus, the higher current response of AuCuNC@N-GQD towards GLY 

can be assigned to the exfoliated nature N-GQD happened due to the attachment of 

CuNC during the formation of CuNC@N-GQD, which resulted in an enhanced 

conductivity and catalytic activity due to the exposed active sites(S., Arya, and K. 

Y. 2022a). Further, the enhancement compared to that of CuNC@N-GQD can 

inevitably be explained based on the Au-GLY interaction and is explained in detail 

in section 3.4.a. The reports of the ability of complex formation of Au with various 

amino acids(Pakiari and Jamshidi 2007) indicates the transfer of lone pair of 

electrons in the N, O, and S atoms to the antibonding orbitals of Au and reveals that 

of the amino acids, GLY can preferentially interact with Au because of its smaller 

size and hence the less steric hindrance(Xie, Lei, and Fang 2012) which leads to 

stable complexes with Au.  Thus, the selective and enhanced sensing of GLY by 

AuCuNC@N-GQD is attributed to the combined effect of the combination of 
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AuCuNC and N-GQD and the structural changes that happened during the formation 

of the NCs on the N-GQD.  

The DPV profiles of GLY (Figure 6.6D) with the increasing concentrations 

showed an increase in the current response indicating the capability of quantitative 

sensing by AuCuNC@N-GQD/GCE. The corresponding linear dynamic range 

graphs of GLY falls in the concentration range of 10-8 to 10-3 M (Figure 6.6E) with 

a correlation coefficient (R2) of 0.9875 and the corresponding linear regression 

equation for the oxidation peak current can be expressed as Ipa (A) = 0.0267x (M) 

+ 2.0543 (R2 = 0.9875). The LOD (S/N=3), and sensitivity value obtained for GLY 

from the LDR are 0.011 M which is the lowest LOD reported so far and 0.377 

AM-1cm-2, respectively. The experimental LOD value was 10 nM (Figure 6.6F), 

and is in good agreement with the theoretically calculated LOD value of 0.011 M.  
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Figure 6.6. (A) The DPV responses of 1 mM GLY alone as well as 1 mM each of DA, GLY 

and HIS simultaneously in 0.1 M NaOH; (B) The DPV responses of of GLY (1 mM in 0.1 

M NaOH) on unmodified GCE, N-GQD/GCE, CuNC@N-GQD/GCE, AuCuNC/GCE and 

AuCuNC@N-GQD/GCE, respectively; (C) EIS plots of bare GCE, AuCuNC/GCE and 

AuCuNC@N-GQD/GCE (D) The DPV responses of GLY on AuCuNC@N-GQD/GCE 

from 10-8 to 10-3 M; (E) The corresponding LDR graph obtained; (F) The DPV response in 

0.1 M NaOH on AuCuNC@N-GQD/GCE in the absence of GLY and in the presence of 1 

and 10 nM GLY respectively. 
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6.3.4 Selectivity and Interference Studies of GLY on 

AuCuNC@N-GQD and the Mechanism 

The selectivity is a significant parameter which is a criterion for the practical 

applicability of a sensor, was carried out in a mixture of other analytes of biological 

relevance and are possible interferents such as various neurotransmitters, amino 

acids, vitamins and other biologically relevant molecules. The DPV profile (Figure 

6.7A) reveals no current response for any of the biomolecules even at 1000x 

concentration other than that of GLY (1 M) and the corresponding bar diagram 

(Figure 6.7A-B) clearly depicts the result indicating the selectivity of AuCuNC@N-

GQD towards GLY. 

The selective sensing capability of AuCuNC@N-GQD towards GLY is 

assigned to the size of GLY compared to the other amino acids. Due to the relatively 

smaller size of GLY the interaction between the Au and N in the amino group of 

GLY become stronger by the close proximity(Xie, Lei, and Fang 2012). Thus, the 

Au-GLY complexes become stable than the complexes of Au with other amino 

acids. The Au-GLY binding facilitate the oxidation of GLY to formaldehyde in the 

basic electrolyte solution during the positive potential sweep, which gives rise to a 

strong oxidation peak at 0.73 V. No current response was observed for the other 

amino acids studied and shall be attributed to the comparatively less effective or 

non-interaction with Au, due to the bigger size and the resultant steric hindrance. 

Even though the size of HIS is bigger, the sensing by AuCuNC@N-GQD says there 

is interaction, between the pyrrolic-N with the Cu moieties(Y. Zhou et al. 2014) and 

is attributed to the greater number of Cu compared to the Au atoms which makes the 

interaction possible. The lower current response and the higher peak potential is 

evident of the difficultness in the interaction between the HIS and the Cu atoms in 

the NC. 

The enhancement in the current response of GLY by AuCuNC@N-GQD 

than that of the controls is attributed to the enhanced conductivity and electronic 

properties AuCuNC@N-GQD. Thus, in an attempt to understand the conductivity 

properties, bandgap analysis (Figure 6.7C) was done. The bandgap obtained for 

AuCuNC@N-GQD, CuNC@N-GQD and for AuNC@N-GQD were 1.32, 1.35 and 

1.41 eV, respectively. The current responses of all three towards GLY, was in the 
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order AuCuNC@N-GQD >AuNC@N-GQD > CuNC@N-GQD, which is in the 

reverse order of the band gap values. Thus, it is clear that AuCuNC@N-GQD has 

the lowest bandgap, which can translate to higher conductivity than CuNC@N-GQD 

and AuNC@N-GQD. The observed order of band gap values can be ascribed to the 

higher oxidation potential of Au compared to that of Cu which in turn resulted more 

electronic cloud towards Au atoms. This further affects the sensing characteristics 

of the cluster. This electronic polarisation can be higher in AuNC@N-GQD than 

AuCuNC@N-GQD since the percentage Au substitution in AuCuNC@N-GQD was 

lesser. Hence, the AuCuNC@N-GQD shows an enhanced sensing towards GLY 

than AuNC@N-GQD. The absence of Au-GLY interaction in CuNC@N-GQD-

GLY sensing made its current response lowest (details in section 6.3.3). The 

mechanism of sensing is validated further through scan rate studies (Figure 6.7D). 

A linear fit of the current response vs. the scan rate corresponded to an adsorption-

controlled process, whereas that for the current response vs. the square root of the 

scan rate corresponded to a diffusion-controlled process(Aswathi et al. 2015). The 

linear fits of current response vs. scan rate/square root of scan rate (Figure 6.7E-F) 

suggest that the adsorption process majorly governs the sensing of GLY with an R2 

≥ 0.99, and the result agrees to the above-proposed mechanism. An illustration of 

the EC sensing strategy and the enhanced sensing capability of AuCuNC@N-GQD 

towards GLY is depicted in Figure 6.8.  

 

Figure 6.7. (A) and (B) Selectivity studies of AuCuNC@N-GQD/GCE towards GLY (1M) 

in the presence of various analyte species (1 mM each); (C) The HOMO and LUMO levels 
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and bandgaps of AuCuNC@N-GQD, CuNC@N-GQD and AuNC@N-GQD obtained 

experimentally; (D) The CV profiles of the AuCuNC@N-GQD/GCE in 0.1 M NaOH 

containing 1 mM Gly at various scan rates (10–100 mV s-1); (E) and (F) The Calibration 

plots of the anodic peak current vs. the scan rate and the anodic peak current vs. the square-

root of the scan rate, respectively.   

Hitherto no literature reports of the voltammetric sensing of GLY is 

available,  so the comparison of the sensing performance of AuCuNC@N-

GQD/GCE was done with methods such as, the enzyme-based 

chronoamperometry(Q. Wang et al. 2021), liquid chromatography(Marrubini, 

Caccialanza, and Massolini 2008), spectrophotometry(Keskin and Keskin 2014), 

and fluorescence assay kits(Rosini et al. 2014), isotopic dilution mass 

spectrometry(Culea et al. 2011), electrophoretic determination(Pakhomova et al. 

2010), molecularly imprinted polymer-modified piezo sensor(Zyablov et al. 2010), 

and capillary zone electrophoresis with contactless conductivity detection(Tůma et 

al. 2013), in terms of LOD, LDR and sensitivity as provided in Table 6.1. All the 

techniques mentioned above utilize indirect GLY sensing methods, such as 

enzymatic conversions, incorporation into molecularly imprinted polymers, etc. 

These indirect methods involve inter-reactions, making the sensing procedure more 

complex and hence becoming time-consuming. For instance, the enzymatic sensing 

procedure uses the enzyme glutamate dehydrogenase (GDH)(Keskin and Keskin 

2014), to determine GLY. Here ammonia is produced from the enzymatic reactions 

between GLY and GDH. Hence, these methods have limitations such as lower 

sensitivity and accuracy, the requirement of ambient reaction conditions, and are 

costly. In comparison with the above-mentioned sensors, AuCuNC@N-GQD 

exhibited the lowest reported LOD for GLY in the EC, and as this is a non-enzymatic 

method, it upholds the merit of the present study. Our study show that the EC sensing 

is more meritorious over the other sensing approachs in terms of LOD, LDR. The 

AuCuNC@N-GQD exhibited an LOD of 10 nM through EC sensing pathway with 

the LDR from 0.01–1000 M. This we attribute to the general mechanism involved 

in the sensing of each category where EC sensing has an edge as one of the 

components, the electrode, is fixed, which makes the interaction easier.  
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Figure 6.8. The schematic diagram shows the dual-sensing capability of AuCuNC@N-GQD 

through EC sensing pathway 

Table 6.1 Comparison of the LOD of AuCuNC@N-GQD/GCE with that of the literature 

reports of GLY sensors. 

  
Materials/ 
Electrodes 

  
Detection 

Method 

LOD 
(μM) 

LDR 
(μM) 

  
Sensitivity 

  
Reference 

NiO NPs/GCE EC  0.9 1∼ 200  0.0243 

μAμM
-1 

(Roushani

, 

Shamsipur

, and 

Pourmorta

zavi 2012) 

Ni(OH)2 

NPs/GCE 

EC  30 100∼1200  0.92 

μAmM
-1 

(Vidotti, 

Torresi, 

and 
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Kubota 

2008) 

AuCuNC Fluorescence  5.8  600 – 5000 Nil (Z. Chen 

et al. 

2020) 
 

 Isotopic 

dilution mass 

spectrometry 

130 130-10600 Nil (Culea et 

al. 2011) 

1,2,4,5-

benzoltetracar

bonic acid, 
4,4’-

diaminodiphen

yloxide. 

Piezo 

resonance 

sensor 

900 Nil Nil (Zyablov 

et al. 

2010) 

 
HPLC 2660 2660-5328 Nil (Marrubin

i, 

Caccialan

za, and 

Massolini 

2008) 

AuCuNC@N-

GQD/GCE 
EC  0.01 0.01–1000 0.377 

μAμM
-1 

Our 

Result 

 

6.3.5 Reusability, Reproducibility and Stability Studies 

The reusability of the AuCuNC@N-GQD/GCE electrode was scrutinized by 

comparing the peak currents of GLY (1 mM) on AuCuNC@N-GQD/GCE (Figure 

6.9A) before and after 30 times of washings, and the results showed it had ~ 98% 

retention. For the reproducibility studies, the current responses of five different 

electrodes toward 1 mM GLY were examined. The relative standard deviation 

(RSD) of the peak currents of these individually prepared electrodes was found to 

be 1.72%, which showed its excellent reproducibility (Figure 6.9B). The current 

values after one- and two-months were ~ 96% and ~ 93% of its initial current 

response (Figure 6.9C), respectively. 
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Figure 6.9 (A) The DPV curves after immediate washing for three times showing the 

reusability of the sensor; (B) The peak currents of five independently coated electrodes 

showing the reproducibility of AuCuNC@N-GQD/GCE; (C) DPV profiles obtained for 

GLY (1 mM) on AuCuNC@N-GQD/GCE showing the stability of the sensor for 1 month 

and 2 months. 

6.3.6 Real Sample Studies 

The AuCuNC@N-GQD/GCE was further utilized for the detection of GLY 

in real human blood and urine sample environment via the standard addition method, 

where known amounts of GLY were added to the diluted (1000x) blood, and urine 

samples and the recovery amounts were measured from the obtained current 

response. The measurements are summarized in Table 1, and the DPV profiles are 

given in Figure 6.10. The recovery calculated was found to be in the range of 100.2-

100.75 %. The recovery values of ~100 % in all the samples indicate the successful 

applicability of the proposed electrode to determine GLY in actual biological 

samples. 

 

Figure 6.10. The DPV responses of 0.5, 1, and 2 M of GLY in blood samples. 
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Table 6.2. The recovery test results of GLY in human blood and urine samples 

Sample No. GLY Spiked 

(M) 

 
 Found*  

(M) 

Recovery 

 (%) 

1 0.5 Blood 0.503 100. 6 

Urine 0.501 100.20 

2 1 Blood 1.007 100.70 

Urine 1.005 100.50 

3 2 Blood 2.015 100.75 

Urine 2.008 100.40 

* All the recovery values fall within the RSD of 1% 

6.4 Conclusion 

In this work, a stable bimetallic NC, AuCuNC@N-GQD, with ~1 year of 

stability that exhibited solid-state and solution-state fluorescence in the NIR region 

without any synthetic macrocycles such as pillarenes and dual sensing property 

towards GLY was made by a GE process. The NC exhibited enhanced selective EC 

sensing towards GLY. The preferential interaction of Au with GLY amongst the 

amino acids was attributed to the selectivity of AuCuNC@N-GQD towards GLY. 

This is the first non-enzymatic EC sensing report towards GLY. The ~ 4-fold higher 

current response of AuCuNC@N-GQD to that of the controls in EC sensing is 

ascribed to the enhancement in the conductivity and electronic properties of 

AuCuNC@N-GQD due to the presence of N-GQD. The LOD obtained in the EC 

sensing was 0.01 M, which remains the lowest than the so far reported sensors. The 

good reproducibility, reusability, and stability of AuCuNC@N-GQD-modified 

electrode, along with the admirable recovery percentages in the real sample study, 

with ~ 100% in all the tested blood and urine samples, with the recovery values 

falling within the relative standard deviation of 1%, show the potential applicability 

of the developed sensor in real-time monitoring.    
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CHAPTER 7 

Picomolar level Ultra-Selective 

Electrochemical sensing of Lead Ions by a 

Gold-Copper Nanocluster on Nitrogen-Doped 

Graphene Quantum Dot 

   

The EC sensing capabilities of AuCuNC@N-GQD were investigated towards 

the heavy metal ions and observed a highly selective sensing property towards Pb(II) 

with almost nil current response for all other interfering metal ions studied.  The 

Pb(II) is included in the top ten list of chemicals of major public health concern by 

the World Health Organization, and its prevalent usage in batteries and other 

industry makes the detection of Pb(II) in environmental samples decidedly 

significant. The selective interaction between Au(I) and Pb(II) is responsible for the 

selective sensing of Pb(II) by AuCuNC@N-GQD. The LOD value obtained was 1 

pM , the lowest reported hitherto for Pb(II) by any other material. Such a low LOD 

value implies the potential of the sensor material. 

7.1 Introduction 

Lead ion, Pb(II), is one of the top ten toxic heavy metal ions according to the 

World Health Organization's (WHO) list of 10 chemicals of major public health 

concern(Sayyad et al. 2021) and has a specified maximum acceptable concentration 

of ≤10 ppb Pb(II) in drinking water. Due to the widespread use of Pb(II) in 

rechargeable batteries, electroplating, bullets, constituent of solder, protective 

shielding around nuclear reactors, particle accelerators, X-ray equipment, containers 

used for transporting and storing radioactive materials and their non-proper disposal 

has led to the contamination of land and majority of water sources around the globe. 

Pb(II) being non-biodegradable makes the possibility of its presence in higher water 

sources and causes greater risks to human health(Bian et al. 2016). The exposure of 

Pb(II) affects all living systems including plants and animals through food chain and 

the adverse effect to humans include damage to liver, kidney, skin, skeletal system, 
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nervous and haematological systems, and can reside up to ≤ 12 years in human body 

due to bio-accumulation(Needleman 2004). Thus, an appropriate trace level 

detection of Pb(II) in water or other environmental samples has become crucial and 

highly essential. Presently, methods such as mass spectroscopy, X-ray fluorescence 

spectroscopy, laser-induced breakdown spectroscopy, and atomic absorption 

spectroscopy, have been used for the determination of heavy metal ions which 

involves highly expensive and complex instruments, expert personnel, pre-sampling, 

time-consuming steps and are non-portable(Cheng 2003). In this context, the EC 

sensing holds remarkable advantages such as simplicity, portability, cost-

effectiveness, and instant results with superior selectivity and sensitivity, which can 

fulfil the growing demand for the on-site environmental monitoring of trace heavy 

metal ions. 

The selective EC sensing of Pb(II) has been reported by various materials, 

including L-Cysteine peptide-functionalized PEDOT-PSS/rGO nanocomposite with 

a LOD of 0.43 nM(Sayyad et al. 2021), an α-Fe2O3/NiO heterostructure with LOD 

of 0.02 M(J. Wei et al. 2021), a silver (Ag)–gold (Au) alloy nanoparticle (NP)–

aptamer conjugate with a minimum detectable concentration of  0.8 M(Yadav et al. 

2020), zinc/cobalt co-centered MOF derived carbon–MWCNTs which displayed a 

detection limit of 3.3 nM(Zhao et al. 2020) and a zinc oxide-decorated MWCNT 

with a detection limit of 2.3 M(Malik et al. 2022). It can be noted that most of the 

materials include toxic organic or metal components and have utilised multi-step 

synthesis, which holds the main demerits of these reported sensors. Sensor materials 

which can be achieved through simple and environmentally benign procedures, of 

low cost, non-toxic along with excellent sensitivity and selectivity are of much 

interest in the application point of view. Here in this work, we have utilized a 

bimetallic gold-copper nanocluster (AuCuNC), for the EC sensing of Pb(II). The 

AuCuNC, co-protected by thiolate and nitrogen-doped graphene quantum dots (N-

GQD), AuCuNC@N-GQD, has been successfully synthesized through a simple 

galvanic exchange (GE) strategy using an earlier reported procedure from our group. 

In the typical synthesis, we have achieved a AuCuNC@N-GQD through a simple 

replacement reaction between CuNC@N-GQD and AuCl3. A temporal stability of 
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≥365 days is one of the significant characteristics of the AuCuNC@N-GQD, 

considering the low stability issues of Cu containing NCs.  

The NCs containing Cu, either mono or bimetallic have begun to attract the 

attention, now-a-days to the researchers because of the abundance, cost-

effectiveness, and easy availability of Cu. But regardless of these advantages, 

synthesis and applicatio0n of Cu containing NCs are challenging because of their 

low oxidation stability(Lin et al. 2021). In order to make stable Cu based NCs, larger 

molecules such as polymers(Barik et al. 2020), DNA(Z. Zhou, Du, and Dong 2011), 

and proteins(Goswami et al. 2011) were used as steric capping agents, which causes 

complexity to the characterisation of the NC leading to less understanding of the 

structure and hinder its application properties due to the lesser accessibility of the 

NC. There were reports on the synthesis of CuNCs by the utilisation of smaller 

thiolated ligands as capping agents, but the average stability of the nanoclusters is 

~1 month, lower than that of the CuNCs prepared using larger capping agents which 

are of ~ 6 months. Recently, a CuNC@N-GQD with ≥ 1 year stability was reported 

by our group(Saisree, Arya Nair, and Sandhya 2022) using N-GQDs as reducing 

agent and glutathione as a capping agent, where N-GQD plays a major role in the 

ultra-high stability of the NC by supplying electrons thus lowering the susceptibility 

of Cu to oxidation. the AuCuNC@N-GQD exhibited highly selective sensing 

towards one of the top ten toxic metal ion, Pb(II) and expressed an excellent 

sensitivity of 1.39 AM-1cm-2 and lowest detection value of 10-12 M, i.e. 1 pM 

(0.0002 ppb), which is well below the maximum acceptable concentration level (≤ 

50 nM). It possesses the higher selectivity for Pb(II), with no interference from a 

range of metal ions, including Fe(III), Fe(II), Cr(VI), Ag(I), Cd(II), Hg(II), Zn(II), 

Ni(II), Co(II), Li(I), Mg(II), Cu(II), Mn(II), and Sn(II) and was explained in detail 

in the latter sections. The higher percentage recovery (~ 100%) in all the tested real 

samples show the developed sensor's potential applicability in real-time monitoring. 
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7.2 Experimental Section 

7.2.1  Synthesis of AuCuNC@N-GQD 

The procedure for the synthesis of the AuCuNC@N-GQD is detailed 

elsewhere in chapter 6, section 6.2.1. The procedure includes a GE method between 

AuCl3 and, CuNC@N-GQD. 

7.2.2 Preparation of electrodes for EC sensing 

The pre-treatment and modification of GCE were done according to the 

procedure given in the experimental chapter. The samples (AuCuNC@N-GQD, 

CuNC@N-GQD, AuNC@N-GQD and N-GQD) were drop cast over separate GCEs 

with care and then allowed to dry for 24 hours at RT to achieve the modified 

electrodes.  

The procedure for the preparation of the AuCuNC@N-GQD-Pb sample for 

the characterization is as described. The AuCuNC@N-GQD were mixed with 

Pb(NO3)2 solution and the product formed was washed well and dried. 

7.2.3 Electrochemical methods 

The EC behavior of various metal ions (Pb(II), Hg(II), Ag(I), Cd(II), Fe(II), 

Co(II), Ni(II), Zn(II), Sn(II), Mn(II), Mg(II), Cu(II), and Cr(VI)) on the surface of 

the AuCuNC@N-GQD/GCE was investigated using CV, differential pulse DPV and 

chronoamperometry at RT. A 20 µL of AuCuNC@N-GQDs, was drop cast on to a 

GCE for making the working electrodes. The electrolyte used was 0.1 M NaOH for 

the studies, unless otherwise mentioned. 

7.3 Results and Discussions 

7.3.1  Synthesis and characterisations of AuCuNC@N-GQD 

The AuCuNC@N-GQD was characterized by various techniques such as 

TEM, Mass, XPS, UV and Fluorescence spectroscopic analyses, and it is discussed 

in detail in chapter 6, section 6.3.1. A schematic of the synthesis of AuCuNC@N-

GQD is represented in Figure 7.1. 
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 Figure 7.1. Schematic of the synthesis of AuCuNC@N-GQD from the CuNC@N-GQD 

7.3.2  EC sensing studies of AuCuNC@N-GQD towards 

heavy metal ions 

The preliminary screening of the EC sensing property of AuCuNC@N-

GQD/GCE was done using the heavy metal ions: Cd(II), Hg(II), Ag(I), Pb(II), Fe(II), 

Co(II), Ni(II), Zn(II), Sn(II), Cu(II), and Cr(VI), and the result showed a current 

response for only Pb(II). The DPV profiles of Pb(II)  on the bare GCE, N-

GQD/GCE, AuNC/GCE, CuNC@N-GQD/GCE, AuNC@N-GQD/GCE, and 

AuCuNC@N-GQD/GCE (Figure 7.2A) showed that only AuNC@N-GQD and 

AuCuNC@N-GQD/GCE showed sensing property towards Pb(II) and the current 

response of the latter was ~2 times that of the former . The result point to the fact 

that the sensing is shown only by the NCs containing both the Au and N-GQD. This 

may be ascribed to the combination of Au(I)-Pb(II) interaction(López-De-Luzuriaga 

et al. 2021) and the spontaneous reduction of Pb(II) on the surface of the material, 

due to the electron-rich N-GQD in the NC. The oxidation of Au metal in basic 

electrolyte solutions is reported(Lien et al. 2013) and thus we assume some of the 

surface Au atoms were oxidized in the basic electrolyte solution (dilute NaOH) used, 

this is supported by the fact that Pb(II) sensing was not observed in other electrolytes 

such as PBS, and dilute HCl. The spontaneous reduction of metal ions, which has 

specific interactions with the electrode material, by N-GQD is explained in our 

earlier reports(Saisree et al. 2021a).  
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The enhancement (2-fold) in the current response of AuCuNC@N-GQD to 

that of AuNC@N-GQD may be due to the enhanced conductivity of the former due 

to the lower number of Au atoms compared to that of the former. It is well-known 

that Au has a higher reduction potential value and hence has a tendency to attract 

more electron density towards it which may reduce the availiability of electron in 

the N-GQD. To prove this hypothesis, the bandgap analysis and electrochemical 

impedance spectroscopy results were analysed. The bandgap analysis (Figure 7.2B) 

showed that the AuCuNC@N-GQD has the lowest bandgap value of all the three 

with a value of 1.32 eV, whereas it is 1.35 and 1.41 eV for CuNC@N-GQD and 

AuNC@N-GQD, respectively. Further, the impedance spectroscopy (EIS) (Figure 

7.2C) shows that the diameter of the semicircle was in the order of: bare GCE (2.4 

kΩ) > AuNC@N-GQD/GCE (1.9 kΩ) > CuNC@N-GQD/GCE (1.7 

kΩ)>AuCuNC@N-GQD (0.6 kΩ), which suggest that the charge-transfer resistance 

(Rct) was the lowest for AuCuNC@N-GQD/GCE of all. Thus, these results indicated 

the better charge-transfer and higher conductivity due to the lower number of Au 

atoms or due to the presence of Cu atoms are the reason for the higher sensing 

property of AuCuNC@N-GQD to that of AuNC@N-GQD. The result is an 

indication of the merit or property changes due to a bimetallic NC. 

7.3.3 Sensitivity, LDR, and LOD 

In order to investigate the efficiency of the AuCuNC@N-GQD as a 

quantitative sensing electrode for Pb(II), the current response with the increasing 

concentration was examined by varying the concentration of Pb(II) from 10-12 to 10-

3 M. The DPV curves (Figure 7.2D) showed an increase in the current response with 

an increase in the concentration of Pb(II) and the corresponding linear response 

towards Pb(II) (Figure 7.2E) falls in the concentration range of 10-12 to 10-3 M. Two 

separate linear dynamic ranges were obtained: from 10-12 to 10-5 M (R2=0.9744, 

N=20) and 2×10-5 to 10-3 M (R2=0.9789, N=14). The corresponding linear regression 

equations were [Ipa (A)] = 0.0988x (M)+0.0563 (R2 = 0.9744) and Ipa (A) = 

0.0524x (M)+99.201 (R2 = 0.9789) and the sensitivity values were 1.39 and 0.742 

AM-1cm-2, respectively. The corresponding LOD value (Figure 7.2F) obtained 

was 10-12 M (1 pM). The calculated LOD from the lowest concentration range of the 
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linear dynamic range plot was 1.2×10-12 M (1.2 pM) which is in good agreement 

with the experimental LOD. 

 

Figure 7.2. The DPV responses of 1 mM each of Pb(II) in 0.1 M NaOH on Bare GCE, N-

GQD/GCE, AuNC/GCE, CuNC@N-GQD/GCE, AuNC@N-GQD/GCE, and 

AuCuNC@N-GQD/GCE; (B) The HOMO and LUMO levels and bandgaps of 

AuCuNC@N-GQD, CuNC@N-GQD and AuNC@N-GQD obtained experimentally; (C) 

Electrochemical impedance spectra of bare GCE, CuNC@N-GQD, AuCuNC@N-GQD and 

AuNC@N-GQD; (D) The DPV responses of Pb(II) in 0.1 M NaOH on AuCuNC@N-

GQD/GCE for the concentration range of 10-12 to 10-3 M; (E) The linear dynamic ranges 

obtained for the concentration range of 10-12 to 10-3 M; (F) The DPV responses showing the 

LOD of Pb(II) as 10-12 M.  

 Table 7.1 compares the analytical performances of the AuCuNC@N-

GQD/GCE with the various reported EC Pb(II) sensors. The reports of Au 

nanoparticle on carbon nanofibers (AuNP-CNF)(B. Zhang et al. 2016), 

Graphene/PANI/Polystyrene composite(Promphet et al. 2015), ZnO@Graphene 

nanocomposite(Yukird et al. 2018), and 1-dodecanoyl-3-phenylthiourea 

(DPT)(Shah et al. 2019), multiwalled carbon nanotube- cyclodextrin (MWCNT- 

βCD)(Alam et al. n.d.) and Bi2O3 /Graphite-carbon inks(Kadara and Tothill 2008) 

had employed the stripping technique which employs a time-consuming pre-

reduction step to facilitate the sensing itself in case there is no spontaneous reduction 

or to enhance the sensitivity and the detection limit, which creates experimental 

complexity, and can be a drawback for its real-time applicability. However, our 

AuCuNC@N-GQD did not require a pre-reduction step and even without the step 



181 
 
 

exhibited an LOD value of 1 pM which is the lowest detection limits reported so far. 

The selectivity and sensitivity of AuCuNC@N-GQD towards Pb(II) is particularly 

due to the combination of Au, Cu, and N-GQD in the NC which imparted selectivity 

and enhanced sensitivity, respectively, as explained in previous sections. Further, the 

n electrons mainly from the N-atom (doped) and the aromatic  electrons of N-GQD 

could reduce Pb(II) to Pb(0). Thus, the reducing capability of the electron rich N-

GQD played a major role to spontaneously reduce Pb(II) on AuCuNC@N-GQD and 

that facilitated the sensing of Pb(II) without pre-reduction step in the oxidation 

sweep.  

Table 7.1. Comparison of the LOD and linear dynamic ranges of AuCuNC@N-GQD/GCE 

with that of the literature reports of electrochemical sensors of Pb(II). 

Materials Method Pre-

reduction 

LOD  

(nM) 
Linear 

Dynamic 

Range(nM) 

Refere

nces 

AuNP-CNF SWASV Yes 99 99-1000 (B. 

Zhang 

et al. 

2016) 

Graphene/PANI/P

olystyrene 

SWASV Yes 16 48–2413 (Prom

phet et 

al. 

2015) 

Bi2O3 /Graphite-

carbon inks 

CCSCP Yes 38 96–1447 (Kadar

a and 

Tothill 

2008) 

MWCNT- βCD DPASV Yes 4 14-498 (Alam 

et al. 

n.d.) 

DPT SWASV Yes 3 53–217 (Shah 

et al. 

2019) 

ZnO@Graphene 

nanocomposite 
SWASV Yes 3 48–965 (Yukir

d et al. 

2018) 

MWCNT-Ion 

Imprinted 
polymer/Pt 

DPV No 20 4-24 (Sebas

tian 

and 

Mathe

w 

2018) 

AuCuNC@N-

GQD 
DPV No 0.001 0.001-

1000000 
This 

Work 
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7.3.4 Mechanism of the sensing of Pb(II) by the 

AuCuNC@N-GQD with Evidence 

The higher selectivity of AuCuNC@N-GQD towards Pb(II) could be 

primarily assigned to the Au(I)- Pb(II) interaction and is vividly understandable from 

the lack of the sensing by CuNC@N-GQD and N-GQD. As explained earlier in 

detail in section 3.2, the basic electrolyte solution can facilitate the oxidation of Au 

atoms to Au(I) state, which is further interacting with the Pb(II) ions, the interaction 

is well-established in ref.(Echeverría et al. 2015), this proposal is also augmented by 

the fact that the sensing does not work in acidic or neutral electrolytes. Further the 

presence of oxidation peak for Pb(II) without any pre-reduction step indicating 

spontaneous reduction of Pb(II) on AuCuNC@N-GQD. The spontaneous reduction 

of Pb(II) on AuCuNC@N-GQD is due to the reducing capability of N-GQD and it 

can be mainly attributed to the electron rich graphene sheets and N-doping(Saisree 

et al. 2021a). 

In order to understand the interaction between Au(I) the XPS of 

AuCuNC@N-GQD-Pb and AuCuNC@N-GQD were compared, while the survey 

scan spectrum of the AuCuNC@N-GQD (Figure 7.3A) revealed the Au 4f peak at 

86 eV, C 1s peak at ~284.5 eV, O 1s peak at ~ 530.5 eV, and N 1s peak at ~ 400.5 

eV that of AuCuNC@N-GQD-Pb, exhibited an additional pronounced Pb 4f peak at 

~ 140 eV. The comparative high resolution XPS Au 4f spectra of AuCuNC@N-

GQD and AuCuNC@N-GQD-Pb (Figure 7.3B), displayed a shift in Au 4f peak 

towards the higher binding energy region indicating an increase in the Au oxidation 

state from 0 to 1. In addition, a decrease in the intensity Au 4f peaks were observed 

for the AuCuNC@N-GQD-Pb indicating interaction of Pb(II) with Au (Au(I)). The 

high-resolution XPS Pb 4f (Figure 7.3C) spectrum displayed two characteristic 

peaks of Pb 4f7/2 and Pb 4f5/2, at 136.9 and 141.9 eV, respectively, which showed a 

shift from the standard values of 137.3 and 142.3 eV corresponding to Pb 4f7/2 and 

Pb 4f5/2 of the Pb(II) state, a  shift towards the lower binding energy values is an 

indication of decrease in the oxidation state (or reduction). The resultconfirm the 

spontaneous reduction of the Pb(II) to a lower oxidation state as suggested in the 

mechanism which due to the spontaneous reduction of Pb(II) by the N-GQDs via 
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Au(I). The reducing capability of N-GQDs was due to the graphene structure and 

effective N doping and was explained elsewhere in detail(Saisree et al. 2021a). Thus, 

the results confirm the effective interaction between AuCuNC@N-GQD via Au(I) 

and Pb(II) and the reduction of Pb(II).  

A schematic of the sensing of Pb(II) on modification of GCE with 

AuCuNC@N-GQD with a remarkable enhancement in the current response without 

any pre-reduction step is illustrated in Figure 7.4. The Au(I)-Pb(II) interaction and 

N-GQD facilitated the enhanced and selective sensing of Pb(II) on AuCuNC@N-

GQD.  

 

Figure 7.3. The XPS (survey) spectra of AuCuNC@N-GQD and AuCuNC@N-GQD–Pb; 

(B) The high-resolution Au 4f peaks in AuCuNC@N-GQD and AuCuNC@N-GQD–Pb; 

(C) The high-resolution Pb 4f peaks in AuCuNC@N-GQD–Pb. 

 

Figure 7.4. Schematic diagram showing the modification of the GCE with the AuCuNC@N-

GQD and the resulting enhanced EC sensing of Pb(II) by DPV 
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7.3.5  Selectivity and interference studies 

The selectivity and sensitivity are two of the most significant parameters for 

ensuring the practical applicability of a sensor. The AuCuNC@N-GQD/GCE 

exhibited a sensitivity of 1.39 AM-1cm-2, and hence exploring its selectivity 

towards Pb(II) became essential. The DPV profiles obtained for a mixture containing 

the metal ions [Pb(II) Fe(III), Fe(II), Cr(VI), Ag(I), Cd(II), Hg(II), Zn(II), Ni(II), 

Co(II), Li(I), Mg(II), Cu(II), Mn(II), and Sn(II)] where [Pb(II)] was 1 nM and all the 

other metal ions were at 106xof [Pb(II)](Figure 7.5A) showed that  the current 

response was of same value (22 A) to that obtained in the absence of the metal ions, 

suggesting the non-interference from the ions and the selective interaction and 

sensing of Pb(II) by the AuCuNC@N-GQD and is depicted in the bar diagram 

(Figure 7.5B). Further, the interference studies carried out by the chrono-

amperometric technique at a fixed operational potential of -0.75 V (Figure 7.5C) 

showed nil current responses for the other metal ions at 106x concentration to that of 

Pb(II) which was at 1 nM  confirms the non-interference from the other metal ions 

and the radical selectivity of AuCuNC@N-GQD towards Pb(II).  

7.3.6  Reusability, reproducibility and stability studies  

Reusability, reproducibility and stability studies are other essential 

parameters to be explored further in detail. The reusability of the AuCuNC@N-

GQD/GCE electrode was validated by comparing the peak currents for 1 mM of 

Pb(II) on AuCuNC@N-GQD/GCE (Figure 7.5D) before and after multiple washings 

and the results showed it had 97% retention after 50 cycles of washing. For the 

reproducibility studies, the current responses of five different electrodes toward 1 

mM of Pb(II) was scrutinized (Figure 7.5E). The relative standard deviation (RSD) 

of the peak currents of these individually prepared electrodes was found to be 1.72%, 

which showed excellent reproducibility of the sensor. Further, the stability studies 

of the AuCuNC@N-GQDs were conducted for a period of one, three and six months. 

The results (Figure 7.5F) show that the percentage retention of the current response 

with respect to the initial current responses were ~99, 96 and 93% after one, three 

and six months, which shows the higher temporal stability of the developed sensor. 
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Figure 7.5. (A) and (B) Selectivity studies of AuCuNC@N-GQD/GCE towards 1 nM of 

Pb(II) in the presence 106x concentration of various analyte species; (C) Interference studies 

of AuCuNC@N-GQD/GCE for the detection of 1 nM of Pb(II) in the presence of other 

metal ions of 106x concentration each by chronoamperometry; (D) The DPV curves after 

immediate washing for 50 cycles showing the reusability of the sensor; (E) The peak 

currents of five independently coated electrodes showing the reproducibility of 

AuCuNC@N-GQD/GCE; (F) The DPV profiles obtained for Pb(II) (1 mM) on 

AuCuNC@N-GQD/GCE showing the stability of the sensor for 1, 3 months and 6 months. 

7.3.7  Environmental sample studies 

The AuCuNC@N-GQD/GCE was further utilized for the detection of Pb(II) in real 

environment samples such as ground water, sea water and waste water, via the 

standard addition method, where known amounts of Pb(II) were added to the real 

environment samples and the recovery amounts were measured. The corresponding 

differential pulse voltammetry profiles are given in Figure 7.6, and the equivalent 

measurements are summarized in Table 2. The recovery calculated was found to be 

in the range of 99–101.8%. The corresponding inductively coupled plasma mass 

spectrometry analysis further validated the recovery values. The inductively coupled 

plasma mass spectrometry results were in good agreement with the recovery value 

obtained by AuCuNC@N-GQD, showing the successful applicability of the 

proposed electrode for the determination of Pb(II) in real environmental samples. 
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Figure 7.6. The DPV responses of 1 nM of Pb(II) in waste water, ground water, and sea 

water. 

Table 7.2. The recovery test results of Pb(II) in real environmental samples 

Sample 

No. 

Pb(II) 

Spiked 

(ppb) 

Environmental 

samples 

Found  

Quantity 

(ppb) 

ICP-MS 

(ppb) 

Recovery 

(%) 

1 0.2 Groundwater 0.200 0.200±0.12 100.0 

Seawater 0.198 0.199±0.09 99 

Wastewater 0.201 0.201±0.16 100.5 

2 0.5 Groundwater 0.501 0.501±0.13 100.2 

Seawater 0.499 0.500±0.14 99.8 

Wastewater 0.502 0.501±0.11 100.4 

3 1 Groundwater 1.002 1.000±0.19 100.2 

Seawater 1.005 1.001±0.13 100.5 

Wastewater 1.008 1.002±0.15 100.8 

* All the recovery values fall within the RSD of 0.5% 

7.4 Conclusion 

In the present work, we successfully demonstrated the a cu containing bimetallic NC 

AuCuNC@N-GQD which is stable up to ≥ 1 year which exhibited ultra-selective 

EC sensing of Pb(II) with the lowest LOD reported hitherto. The LOD obtained was 

1 pM with a sensitivity of 1.39 AM-1cm-2, without any pre-reduction step. While 
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it was proved that the Au(I)-Pb(II) interaction played a significant role in the 

selective sensing performance of AuCuNC@N-GQD towards Pb(II), the 

enhancement in the sensing properties were attributed to the electron-rich N-GQD 

in the NC which facilitated the spontaneous reduction of Pb(II) via Au(I). While the 

combination of Au(I) and N-GQD in the NC enabled the selective enhanced sensing 

of Pb(II), the presence of Cu along with the Au enhanced the current response further 

as can be witnessed from the sensing properties of the AuNC@N-GQD. Thus, it is 

evident that the unique combination of Au, Cu and N-GQD in the NC is responsible 

for the superior sensing observed. Along with this, the reproducibility (RSD=1.7%), 

reusability (97%), and stability (93%), along with the admirable recovery 

percentages (≤100%) in the real sample study, with the recovery values falling 

within the relative standard deviation of 0.5%, in all the tested environmental 

samples demonstrate the merit of the Pb(II) sensor. 
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CHAPTER - 8 

SUMMARY AND HIGHLIGHTS 

8.1. Summary 

          EC sensors are the largest and the oldest group of chemical sensors due to 

the simplicity of the procedures and instrumentation and are easy to miniaturize and 

integrate into automatic systems without compromising analytical characteristics 

(Antuña-Jiménez et al., 2012). However, for an EC sensor to hyphenate its 

possibilities to the advanced clinical and environmental monitoring devices: 

sensitivity, selectivity, stability, and reproducibility characteristics are of immense 

importance. It can be achieved by modifying sensors with materials possessing 

potential electronic and catalytic properties suitable for EC sensing applications. 

Hence, in this work, we have designed and developed four different EC sensor 

electrode materials based on N-GQD and various MNC with enhanced structural and 

functional properties to tune their conductive and catalytic properties, which in turn 

exhibited unique sensing characteristics either selective or simultaneous with 

superior sensitivities and LODs compared to the literature reports of the sensors. The 

mechanism underlined in each sensing system was analyzed meticulously, and 

confirmed by the aid of various characterization techniques, explained in detail, and 

a few conclusions were drawn. 

To give an overall view and summary of our work, a schematic 

representation of the EC sensors with emphasis on the correlation between different 

sensors and the analytes sensed with corresponding LOD values is shown in Figure 

8.1. The developed systems include the following, (i) N-GQD/GCE, where N-GQD 

was synthesized from PANI as a precursor and in situ N doping agent, for the ultra-

selective ultra-trace level (0.1 pM) detection of Cd(II); (ii) S,N-GQD, an S codoping 

was done for N-GQD, using H2SO4 as a doping agent and acid catalyst, exhibited 

miraculous enhancement in properties and further, it was utilized for the 

simultaneous picomolar level detection of Cd(II), Pb(II) and Hg(II); (iii) The 

CuNC@N-GQD was synthesized by utilizing N-GQD as reducing agent and 
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capping agent, which enabled ultra- selectivity for the NC, and it exhibited the 

simultaneous sensing capability towards functionally correlated neurofunctional 

molecules DA, SER, and NIC;  (iv) Further, AuCuNC@N-GQD was developed 

from CuNC@N-GQD through a GE process, for the selective and nanomolar 

detection of GLY non-enzymatically and also (v) for the selective picomolar level 

detection of Pb(II). The major findings and contributions of the study are listed in 

the latter section of this chapter. 

Here in this chapter, we are listing out the highlights, summary and future 

perspectives of the work. 

 

 

Figure 8.1. The schematic representation showing the relation among the developed systems 

N-GQD, S,N-GQD, CuNC@N-GQD, and AuCuNC@N-GQD and the analytes sensed with 

corresponding LOD values. 
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8.2. Major outcomes of the Thesis 

• For the first time, N-GQD was utilized for the selective EC sensing of Cd(II) and 

exhibited ultra-high sensitivity and lowest LOD reported yet. The LOD were 0.1 pM 

(without pre-reduction) and 1 fM after pre-reduction. The selective and enhanced 

Cd(II) sensing was attributed to the  interaction between the Cd(II) and N-

functionalities, and the graphene structure which spontaneously reduced Cd(II) to 

Cd(0). 

• A stable CuNC@N-GQD was developed using N-GQD as the reducing agent and 

N-GQD and GSH as the stabilizing agent which exhibited highest stability of ≥1 

year. The NC exhibited sensing towards the three functionally correlated 

neurofunctional molecules DA, SER, and NIC with~ 4, ~ 4, and ~ 2-fold higher 

sensitivity of the CuNC@N-GQD compared to the controls and was attributed to the 

synergistic effect of the N-GQD and the CuNC. The LOD values obtained were 

1x10-3, 1, and 1x10-2 nM for DA, SER, and NIC, which are hitherto the lowest 

reported so far. 

• A bimetallic AuCuNC@N-GQD was prepared by a galvanic exchange process from 

the stable CuNC@N-GQD which exhibited non-enzymatic EC sensing of Gly, for 

the first time, with a LOD of 10-8 M and is the lowest LOD obtained so far. The 

enhanced sensitivity and selectivity were explained based on the better the Au-Gly 

interaction. 

• A S and N co-doped GQDwas synthesised through a hydrothermal route from PANI, 

which exhibited white light emissive properties. The introduction of ‘S’ lead to the 

simultaneous EC sensing of Cd(II), Pb(II) and Hg(II) with the LOD values 1 pM, 10 

pM and 1 pM. The simultaneous sensing of S,N-GQD/GCE towards Cd(II), Pb(II) 

and Hg(II) was observed to be due to the interaction between Cd(II), Pb(II) and 

Hg(II) with the N and S based functionalities 

• The selective EC sensing of Pb(II) by AuCuNC@N-GQD was reported for the first 

time. The NC exhibited good sensitivity towards Pb(II) with a LOD of 10-12 M and 

is capable of sensing in real water samples. The enhanced sensitivity and selective 

sensing capability was explained by the presence of N-GQD and Au(I)-Pb(II) 

interaction  respectively. 
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8.3. Future Perspectives 

• Sensor fabrication using the synthesized materials 

• Synthesis of MNC@S,N-GQD 

• EC sensing studies of MNC@S,N-GQD 

• EC sensing studies of S,N-GQD towards biomolecules 
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