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3.1. Introduction: 

Riboflavin (RF; Vitamin B2) is a water-soluble vitamin that aids the breakdown of fats, 

proteins, ketone bodies, and carbohydrates into usable forms of energy for the human 

body.1,2 Given its inability to be endogenously synthesized in humans, RF must be 

acquired through dietary sources, which accounts for its presence in a wide range of 

foods, including milk, cheese, fatty fish, meats, eggs, nuts, vegetables, whole-grain 

products, and certain fruits.3,4 The optimum RF level is crucial for maintaining a healthy 

body. These include the proper functioning of the digestive system, and maintaining the 

health of multiple internal as well as external body parts such as the nerves, muscles, 

eyes, liver, etc. A deficiency of RF at the cellular level is known as ariboflavinosis and 

has been associated with various ailments such as anemia, mouth ulcers, fatigue, cracked 

lips, dry skin, cheilosis, throat pain, inhibited growth, tongue inflammation, 

conjunctivitis, etc.5,6 In contrast, an excessive amount of RF poses a risk to human health 

as it can cause “oxidative damage to DNA and tissues when exposed to ultraviolet (UV) 

radiation”.7  This necessitates the need for a sensitive, efficient, accurate, and affordable 

method for quantitative and qualitative estimation of RF in food commodities, 

pharmaceutical, and clinical samples. 

Electrochemical sensors offer cost-effective, quick, and on-site analysis of analytes. 

However, in order to increase the sensitivity and impart selectivity to the electrochemical 

sensors, careful choice of recognition element for electrode modification is needed.  

Recently, graphitic carbon nitride (gCN) has garnered attention as a potential 2D material 

with diverse applications8–11 owing to its remarkable characteristics, including favorable 

chemical stability, tremendous mechanical strength, larger surface area, notable 

adsorption capacity, catalytic activity, and environmental sustainability. However, gCN 

finds limited utility in electrochemical systems because of its compromised electrical 
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conductivity, hindered charge transfer, and insufficient solubility in solvents. The 

incorporation of metal oxides and gCN has the potential to stimulate the generation of 

delocalized electrons, which can improve the conductivity and can lead to several 

physicochemical advancements.12 Amongst the various metal oxides, copper oxides are 

of specific interest. Copper(II) oxide (CuO) is classified as a p-type semiconductor with 

a very small band gap of 1.2 eV.13 This material exhibits considerable potential for 

advancing electrochemical sensors owing to its notable electrochemical reactivity and 

capability to facilitate electron transfer reactions.12 Interestingly, RF, being a biological 

chelating ligand, is known to have an affinity for complex formation with Cu(II) by 

coordinating through the electron-rich nitrogen and oxygen atoms on its structure.14,15 

Therefore, the CuO is specifically selected here for its bi-functional role: (i) to enhance 

the electrochemical performance of gCN by means of the interaction between the π-π 

electron cloud and with high spin density N of polymeric gCN structure and the vacant d 

orbitals of Cu(II);16–18 and (ii) to take advantage of its selective interaction with RF to 

create a highly sensitive and selective sensor for RF detection in a complex matrix.  

To the best of our knowledge, the electrodeposition of CuO.gCN composite has never 

been reported previously. Interestingly, only few papers (>10) demonstrates the use of 

bulk gCN.CuO for voltammetric sensing of analytes like dopamine, bisphenol, and p-

nonylphenol. However, in all these publications, the material was immobilized using the 

drop-cast method, which doesn’t offer any control over surface composition and 

morphology and suffers from poor stability. Furthermore, to date, the specific interaction 

of Cu(II) with RF has never been explored for its selective voltammetric estimation. 

Therefore, this article systematically describes the controlled electrodeposition of 

CuO.gCN composite on the electrode surface and its use for the electroanalysis of RF 

with exceptional sensitivity and selectivity. 
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3.2. Experimental:  

3.2.1 Chemicals 

All the AR grade chemicals were used for the synthesis and preparation of standard stock 

solutions and were obtained from CDH Fine Chemical. The chemicals were of high purity 

and thus were used without any further processing or purification. Throughout the 

experimental procedures, Milli-Q deionized water was utilized to prepare the standard 

solutions. 

3.2.2 Synthesis Protocols 

gCN was synthesized using melamine as the precursor following the previously reported 

method.19 Briefly, melamine was heated at 600 °C for six hours. The temperature was 

achieved by increasing it at the rate of 6 °C/min. The process resulted in the synthesis of 

gCN, a yellow-coloured powder material. Next, the gCN.CuO composite was prepared 

by using the synthesized gCN along with CuAc. Precisely, 2g CuAc was thoroughly 

dissolved in 25 mL DI water. 0.5g of the synthesized gCN was suspended to the prepared 

solution while stirring. To this suspension, 20 mL of 1M NaOH solution was added 

dropwise while continuously stirring. The resulting 45 mL solution was subjected to 110 

°C (achieved by increasing the temperature by 2 °C/min) for 2 hours in a Teflon-lined 

stainless steel autoclave. The synthesis protocol 20 resulted in a black precipitate, which 

was thoroughly rinsed with DI followed by drying at 60 °C. The material was referred as 

gCN.CuO and utilized for additional characterization. 

3.2.3 Characterization details  

The crystallographic data of the synthesized material was collected using a Rigaku 

miniflex 600 X-ray Diffractometer using a Cu-kα radiation source. The FT-IR 

spectroscopy was carried out using a Thermo Scientific TM Nicolet iD7 spectrometer in 

the wavenumber range of 450 – 4000 cm-1 with 4 cm-1 resolutions. The Nova Nano SEM 
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450 scanning electron microscope was employed to get surface and morphological data 

at 20kV. The XPS was performed using a Kα X-ray photoelectron spectrophotometer 

produced by Thermo Fisher Scientific. The device was outfitted with a micro-focused X-

ray source that employed monochromatic Al Kα radiation, operating within an energy 

range spanning from 100 to 4000 eV.  

3.2.4 Electrochemical Set-up 

All the electrochemical measurements were carried out using PalmSens3. Ag/AgCl (3M 

KCl), 0.3 mm thick Pt wire and 3 mm glassy carbon (GCE) was used as reference, 

counter, & working electrode, respectively. Phosphate buffer solution (PB-7; pH-7.4) or 

1 M potassium chloride was uses as supporting electrolyte. 

3.2.5 Surface modified Electrode: Electrochemical synthesis of CuO nanoflakes 

decorated gCN  

To carry out the electrodeposition of gCN.CuO, 10 mg of the prepared material was 

suspended in 10 mL of DI via ultrasonic agitation using a bath sonicator for 2 hours. The 

aliquot used for electrodeposition was formed by combining 1 mL of the prepared 

gCN.CuO suspension with 1 mL of PB-7 buffer solution in an electrochemical cell. Prior 

to electrodeposition, the GCE was mechanically polished using polishing kit, followed 

by an intensive rinsing with DI water. The electrodeposition was carried out using cyclic 

voltammetry (CV) as the experimental technique. The surface modification was achieved 

electrochemically by running the CV with The potential was scanned from E1 & Ei = -

1.0 V to E2= +1.6 V, with a dE/dt = 100 mV.s-1. The number of cycles (nc) were optimized 

within the range of 15 to 40 to achieve the best performance. After the electrochemical 

surface modification, the modified electrode was cleaned with DI and left to dry under 

ambient condition. In the following text, the electrode that was electrodeposited will be 

referred to as gCN.CuO/GCE. 
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3.2.6 Electroanalytical Method  

The optimized number of electrodeposition cycles was selected by comparing the 

electrochemical performance of the electrodes modified using different ‘nc’. To have a 

comparative assessment, the peak current of the modified electrode was measured for 

500 µM potassium ferricyanide. The measurement was performed using CV and SWV 

with a dE/dt and frequency of 100 mV/s, and 10.0 Hz respectively, from Ei = -0.2 V to 

E2 = +0.6 V. 

The electrodeposited surface suitability for voltammetric sensing applications was 

assessed using RF as the test analyte. A 1 mM RF stock solution was used for preparing 

the samples of different concentration following the dilution method. For electrochemical 

measurement, a 2 mL test solution was prepared using a fixed volume of PB-7, precisely 

1 mL in all aliquots. For the calibration plot and detection of RF, Square wave 

voltammetry (SWV) was employed. The SWV settings were; potential window: -0.8 to 

0 V; step size: 6 mV; amplitude: 25 mV; and frequency: 10.0 Hz.  

3.2.7 Real sample preparation: 

Almonds as a real sample 

One almond equivalent to 1.086 g was taken and crushed using a mortar and pestle. The 

required consistency of paste was achieved by adding 2 mL of DI to the mortar pestle. 

The paste was collected as stock and used for making test samples.  Two samples were 

prepared by taking 1 mL of the prepared paste to 1 mL of PB-7 and 800 µL of paste, 200 

µL of DI water to 1 mL of PB-7.  

Curd as a real sample 

2 g of curd sample (85g pack, Misthi Doi, Mother Dairy Fruit & Vegetable Pvt. Ltd) was 

stirred using a vortex stirrer. The volume of the colloidal mixer was found to be nearly 

same as 2 mL. The prepared colloid was used to prepare the test solutions by mixing it 
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with PB-7 in 1:1 and 1:3 by volume. The volume of test samples was kept constant as 2 

mL which contains 1 mL of PB-7 in all the samples. 

Hershey’s Shake as a real sample 

The chocolate flavoured Hershey Shake (as purchased, 200 mL, Hershey’s India Pvt. 

Ltd.) was diluted with the PB-7 for preparing three distinct sample solutions. Sample 1 

consists of 250 µL of Hershey's shake in 1 mL of PB-7 and 750 µL DI, Sample 2 

comprises 500 µL of Hershey's shake solution in 1 mL of PB-7 and 500 µL DI, and 

Sample 3 contains 1 mL of Hershey's shake solution in 1 mL of PB-7.   

Becosules syrup as a real sample 

The liquid Becosules syrup (Pfizer Ltd.) as purchased was used to prepare the test 

samples. As per the tabulated RF value, 5 mL of sample contains 2.54 mg of riboflavin 

sodium phosphate (molecular weight: 478.33 gmol-1) which is equivalent to 1.06 mM 

solution. Considering the calculated molarity, three samples were prepared by keeping 

the volume of PB-7 constant (1 mL) and varying the volume of syrup to get the final 

concentration of 25, 40 and 80 µM, respectively. DI was used to keep the total volume 

constant as 4 mL.  

 Zincovit Tablet as a real sample 

Each Zincovit tablet (Apex Laboratories Pvt Ltd) contains 1.6 mg of riboflavin as per the 

tabulated value. 2 tablet were therefore crushed and dissolved in 20 mL DI water to make 

a stock solution of 0.425 mM. Using the prepared stock solution, test samples of three 

different concentrations 20µM, 25µM, and 30µM, respectively were prepared. The test 

sample volume was maintained constant as 2 mL which had 1 mL as fixed volume of PB-

7. The other 1 mL was made up of RF stock solution and DI.  

Zincovit multivitamin tablet (Apex Laboratory Pvt. Ltd) and Becosules syrup (Pfizer 

Ltd.) were chosen as 2 pharmaceutical samples. Whereas almond, curd (85g pack, Misthi 
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Doi, Mother Dairy Fruit & Vegetable Pvt. Ltd), and chocolate flavored milk shake (200 

mL, Hershey’s India Pvt. Ltd.) were used as three food samples. 

3.3. Results and Discussion  

3.3.1 Material Characterization: Examining the gCN.CuO composites   

Several characterization techniques were utilised for characterizing the synthesized 

gCN.CuO composites. To determine the crystallinity and composition of the gCN.CuO 

composite, X-ray diffraction analysis (XRD) was initially performed. The distinct 

diffraction patterns of the synthesized gCN and gCN.CuO composites are displayed in 

Figure 3.1(a). The formation of gCN was confirmed from a clear peak at a 2θ value of 

27.4° and a weak peak at a 2θ value of 13.1° in accordance with the XRD pattern of gCN 

reported previously.21 

The synthesised gCN.CuO sample exhibits distinct XRD peaks corresponding to the 

distinctive diffraction patterns of gCN and CuO. The most prominent peaks at 2θ values 

of 35.7° and 38.8° correspond to the CuO crystal planes indexed as (002) and (111), 

respectively. The other peaks observed at 2θ values of 32.7°, 49.0°, 53.2°, 58.6°, 61.8°, 

66.6°, 68.2°, 72.5°, and 75.1° can be attributed to the crystallographic planes of CuO, 

specifically the (-110), (112), (-202), (020), (202), (-113), (022), (220), and (311) planes, 

respectively. These planes are designated by an asterisk (⁎). A standard JCPDS Card No. 

45-0937 was used to index the peak corresponding to monoclinic CuO.22 However, weak 

bumps at 2θ values of 27.4° and 13.1° correspond to the (100) and (002) crystal planes 

of gCN. The peaks exhibit diminished intensity compared to starting gCN, which can be 

explained based on its amorphous nature compared to the crystalline CuO.  

FT-IR spectroscopy was next employed to study the compare the chemical bonds present 

in gCN and gCN.CuO. Figure 3.1(b) displays the FTIR spectra of both materials. The 

gCN spectrum displays a wide peak between 3100 and 3400 cm−1, listing the “-NH” and 
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“-OH” groups of gCN. A number of peaks observed between 1100 and 1600 cm−1 arise 

because of C-N vibration arising from the gCN matrix. The peak at 1239 and 1317 cm−1 

results from “C-N(-C)-C” or “C-NH-C”. The sharp bands at 1640, 1569, and 1401 cm−1 

have been ascribed to the aromatic “C–N” stretching vibration mode. The effective 

synthesis of gCN was further indicated by a sharp peak at 804 cm−1. The FTIR spectrum 

of gCN.CuO composite shows two distinctive bands at 605.6 and 497.2 cm-1 in addition 

to the gCN peaks. These peaks correspond to the Bu mode of CuO. The “Cu-O” stretching 

vibration along the (101) direction may be attributed to the peak at 497.2 cm-1, while the 

“Cu-O” stretching in the same direction can be explained by the high-frequency mode at 

605.6 cm-1. Furthermore, no other infrared active mode was detected in the 605–660 cm-

1 range, thereby ruling out the presence of any additional phase, namely Cu2O.23  

Therefore, both the XRD and FTIR investigations manifested the formation of gCN.CuO 

composite. 

 
Figure 3.1: (a) Comparative XRD pattern, (b) Comparative FT-IR spectra of graphitic 

carbon nitride and its composite with CuO. (c) SEM image of synthesized graphitic 

carbon nitride (d) SEM images of graphitic carbon nitride-CuO composite. 
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Figure 3.2: The surface elemental mapping of the as-synthesized gCN.CuO material. 

After confirming the formation of gCN.CuO, the morphology and microstructure of the 

starting and prepared material were visualized using SEM. Figure 3.1(c) depicts a SEM 

picture of as-prepared gCN, revealing its layered structure mostly constituted of thin, 

micro-sized plate-like structures. Whereas the SEM of gCN.CuO (Figure 3.1(d)) 

revealed completely altered topography compared to the starting gCN. The SEM images 

demonstrated the formation of nanostructured CuO, which were found to be uniformly 

distributed over the sheet of gCN. The surface elemental analysis of the material using 

Energy-dispersive X-ray spectroscopy (Figure 3.2) quantified 33 atomic % of O and 35 
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atomic % of Cu, confirming the formation of CuO in agreement with the conclusions 

drawn from XRD and FTIR.  

3.3.2 gCN.CuO electrodeposition and unveiling the underlying mechanism:  

The experimental section provides a detailed account of the techniques employed for the 

electrodeposition utilizing the gCN.CuO composite. The cyclic voltammograms were 

observed for the electrodeposition of gCN.CuO is presented in (Figure 3.3(a,b)). The 

cyclic voltammograms exhibit electrochemical characteristics of both gCN and CuO. 

There exist three prominent peaks in the forward scan. The first peak observed at -0.08 

V can be attributed to the oxidation process of Cu(0/I) to Cu(II).24 The second peak 

corresponds to the electrochemical polymerization of the triazine ring, occurring at 

around +1.0 V. Subsequently, the third peak is indicative of the formation of radical 

cations, observed at +1.3 V.19 Two well-known peaks were observed in the reverse cycle. 

The appearance of the peak in proximity to 0 V can be attributed to the reduction of Cu(II) 

to Cu(I), whereas the peak observed around -0.4 V is a result of the reduction of Cu(I) to 

Cu(0). Interestingly, the peak at +1.3 V was observed to increase with an increasing 

number of scans, which can be explained on the basis of the ability of Cu(II) to generate 

more radicals by its chemical reduction to Cu(I).25,26 The generation of more and more 

radicals is expected to boost the electropolymerization of the triazine ring which is 

reflected by the increased current of polymerization peak at ~1.0 V. Due to the chemical 

reduction of Cu(II) to Cu(I) during free radical generation, the contribution of Cu(I) to 

Cu(0) becomes more prominent with increasing scans. Univocally, the cyclic 

voltammograms manifest the electrodeposition of gCN.CuO on the electrode surface 

provides a clear mechanistic signature of all the redox processes. Subsequently, the 

impact of surface modification on the electrochemical efficacy of the electrode was 

investigated.  



Chapter 3 
  

  
Department of Chemistry, IIT (BHU) Varanasi                                                                           155 

 
Figure 3.3: (a,b) Continuous CV curves recorded during electrodeposition of  graphitic 

carbon nitride-CuO composite; Comparative SWV curves recorded using (c) bare GCE, 

gCN|GCE, and gCN.CuO|GCE; (d) gCN.CuO|GCE relating the variation in peak current 

of 500 µM potassium ferricyanide solution in response to surface modification and the 

number of electrodeposition scans.  

Figure 3.3(c) illustrates the electrochemical response of K3[Fe(CN)6] as observed using 

Bare GCE, gCN modified GCE, and gCN.CuO modified GCE. As depicted in the figure, 

both surface modifications led to enhanced peak current. However, it is noteworthy that 

the gCN.CuO modified GCE exhibited around two-fold current compared to the 

bare GCE. Therefore, the gCN.CuO electrodeposition process was thoroughly optimized 

in the subsequent sections.   

3.3.2.1 Protocol Optimization  

The perks of electrode modification are dependent on the thickness of the 

electrodeposited layer. Therefore, to achieve the desired electrochemical performance, it 

is necessary to optimize the thickness of the electrodeposited layers by adjusting the 
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electrodeposition parameters, specifically the solution concentrations and the number of 

scans. To do so, the electrodeposition was carried out using three different concentrations 

of gCN.CuO suspension. SWV profiles in the standard solution of K3[Fe(CN)6] were 

recorded and analyzed to compare Figure 3.3(d) demonstrates the correlation between 

the number of scans (n) and corresponding changes in the peak current. A gradual 

increase in the peak current was observed when the deposition scans were increased till 

n = 30. Nevertheless, a minor decline in the current was witnessed for values of n greater 

than 30, which can be attributed to the formation of a thicker layer of gCN.CuO during 

electrodeposition. The presence of a thicker layer serves as a physical obstacle that 

impedes the movement of electrons from the working electrode to the analyte, hence 

inhibiting electron transfer. Hence, a solution concentration of 1mg/mL and a 30 

electrodeposition scans were determined as the optimal parameters for the surface 

modification process. These parameters were employed for all subsequent experiments. 

Figure 3.4 presents a comparative analysis of the electrochemical performance of three 

different configurations: bare, drop-casted, and electrofunctionalized gCN.CuO|GCE. 

The electro-functionalization process exhibited much greater peak currents in 

comparison to the drop-casting technique. The improved performance observed in this 

study can be attributed to the uniform surface modification via chemical/electrochemical 

processes, which allows for exact control over the thickness of the surface layer during 

the process of electro-functionalization. In contrast, drop casting suffers from 

agglomeration, non-uniform material loading, human error, and inadequate interfacial 

contact.27,28 Moreover, the electrochemical and chemical redox processes during 

electrodeposition lead to several compositional and morphological changes in the 

composite material and the substrate, which can potentially affect the overall 

electrochemical performance of the surface-modified electrode.  
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Figure 3.4: SWV curves of 500 µM potassium ferricyanide solution recorded using 

unmodified, drop-casted, and electrodeposited gCN.CuO|GCE  

3.3.2.2 Surface Characterization 

Next, the chemical and topographical changes brought by the electrodeposition protocol 

were extensively characterized. X-ray photoelectron spectroscopy was used in order to 

validate the structural characteristics, composite composition, and oxidation state of the 

elements that were present in the electrodeposited gCN.CuO composite. Figure 3.5(a) 

presents the high-resolution Cu2p spectrum of gCN.CuO|GCE. The two peaks at 933.1 

eV and 953 eV corresponding to Cu 2p3/2 and Cu 2p1/2, respectively, highlights the 

presence of Cu2+
 in the electrodeposited surface. The energy difference of 19.9 eV 

between the two peaks, caused by spin-orbit coupling, is in excellent accordance with 

previously reported data confirming the formation of CuO.29 In addition, the two satellite 

peaks between 940-948 eV and 960-965 eV confirm the presence of Cu2+ with a 3d9 

electron configuration in its ground state. These peaks are absent in the case of a 

completely filled 3d10 configuration of Cu+, which provides further evidence that the 

electrodeposited layer consists of CuO.30    
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Figure 3.5: XPS spectrum of (a) Cu 2p; (b) O 1s; and (c) C 1s for gCN.CuO|GCE. HR-

SEM image of (d) Bare GCE, and (e-g) gCN.CuO modified GCE (gCN.CuNF|GCE) 

The presence of Cu-O was also concluded from the primary peak at 531.3 eV in the 

deconvoluted spectrum of O1s shown in Figure 3.5(b). Interestingly the appearance of 

satellite peak at 536.4 eV in O1s spectrum hints towards the presence of π electrons in 

the composite as well as physiosorbed water and O2.
31,32 It is to be noted that peak at BE 
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of 533 eV arises from the –C(O) functionalities of glassy carbon electrode and was also 

observed for the bare GCE. 

Next, the C1s spectra was studied to detect the contribution of gCN in the 

electrodeposited layer (Figure 3.5(c)). The binding energies observed at 284.7 eV can be 

ascribed to the carbon-carbon coordination of the surface's adventitious carbon in gCN. 

The presence of sp2-bonded carbon (N-CH=N) of the triazine ring was indicated by the 

peak at 285.8 eV. The weak peak observed at 286.5 eV is plausibly attributable to 

nitrogen-related defects that are present in the gCN system and are associated with the 

N-CH=N bonding within the system.33 The two peaks in the extended C1s spectra 

correspond to the aromatic shake-up satellite peaks arising from the π cloud of polymeric 

triazine structures of gCN.32,34,35 Therefore, the XPS analysis confirmed the effective 

electrodeposition of gCN.CuO layer on the GCE surface. 

After characterizing the composition of the electrodeposited layer, further investigation 

was conducted to analyze its surface morphology and texture. Scanning electron 

microscopy (SEM) was first employed to visualise the topographical changes brought on 

by the electro-functionalization of the gCN.CuO composite. Figure 3.5(d,e) shows that 

electrodeposition process resulted in thin flake like structures uniformly decorating the 

GCE surface. These nanoflakes appeared all across the surface, and their sizes were rather 

uniform. Because of the nanoflake (NF) morphology of the electrodeposited surface, it is 

referred as gCN.CuNF/GCE. 

The nanoflake morphology of gCN.CuNF|GCE is expected to augment the 

electrochemical charge transfer by providing a greater number of electroactive sites.  

Therefore, the electrochemical surface area (ECSA) of the modified and unmodified 

electrodes was calculated. In order to accomplish this, the variation of peak current as a 

function of increasing scan rate was investigated for both the unmodified GCE and the 
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gCN.CuNF|GCE using a known concentration of K3[Fe(CN)6]. The voltammograms and 

the observed linear relation are presented in Figure 3.6(a,b). The ECSA of both the bare 

and gCN.CuNF|GCE electrode was determined by employing The Randles-Ševčík, 

taking into account a temperature of 25 °C.36 ECSA of the GCE and gCN.CuNF|GCE 

was found to be 0.033 cm2, and 0.04 cm2, respectively.  The 1.2 times larger surface area 

can be translated to the increased number of possible sites for interfacial electron 

transport explaining the increase in the current response observed after electrodeposition.  

 

Figure 3.6: Cyclic voltammograms recorded in 500 µM potassium ferricyanide using (a) 

unmodified GCE and (b) gCN.CuNF|GCE as a function of different scan rate.  

3.3.3 Analytical performance of modified electrode: Sensing of Riboflavin 

From the extensive characterizations, it was inferred that the gCN.CuNF|GCE manifests 

significantly higher electrochemical activity and can lead to increase in sensitivity during 

electroanalysis. Therefore, the advantageous characteristics of gCN.CuNF|GCE was 

afterward utilized for the qualitative and quantitative analysis of Riboflavin (RF). Figure 

3.7(b) illustrates the voltammograms acquired for a concentration of 100 µM RF using 

both the bare and modified GCE. On sweeping the potential from -0.6 V to 0.0 V, a sharp 

anodic peak at -0.405 V was observed which is reported to be associated with RF 

oxidation. The comparative SWV reveals the electro-functionalization of 

gCN.CuNF|GCE led to a current response approximately 4.6 times greater than that 
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observed with the bare GCE. In addition, the modified electrode exhibited a negative 

potential shift of approximately 13 mV compared to the bare electrode. It is important to 

mention that for K3[Fe(CN)6] only a two-fold increase in peak current was observed 

without any measurable shift in peak potential. Therefore, the 4.6X higher current as well 

as significant peak shift clearly outlines that the modified electrode exhibits specific 

interactions with RF and enhanced electroactive area is not the sole factor responsible for 

the improved electrochemical performance. The selective interaction of Cu (II) (vacant d 

orbitals) with high spin density regions lying between N and O of RF molecule, as well 

as π-π interactions between the π conjugated gCN framework and RF molecules, are 

expected to contribute to the facilitated electron transfer and confers significantly higher 

electrochemical activity to the gCN.CuNF|GCE.15,37  

 
Figure 3.7: Comparative SWV curves recorded for 100 µM RF using (a) Bare GCE and 

gCN|GCE; (b) Bare GCE and gCN.CuNf|GCE. Concentration-dependent SWV curves 

were recorded in RF concentration ranging from 25 nM to 100 µM using (c) bare GCE 

and (d) gCN.CuNf|GCE. 
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Next, the peak current was monitored in response to the increasing concentration of RF 

peak. A gradually increasing peak current with increasing RF concentration for both 

electrodes is shown in Figure 3.7(c-d). The peak potential remains constant hinting 

towards no charge transfer complications in the electrochemical process. From the linear 

calibration plots, it was observed that the increase in peak current was much more 

pronounced at lower concentrations, whereas, for concentration higher than 30 µM, a 

different slope was observed.  

The correlation between the peak current and the RF concentration (Figure 3.8) can be 

expressed with the following linear equations: 

Ip (μA) = 0.460 C [0.025-25 µM]; R2 = 0.9911, 

Ip (μA) = 0.172 C [30-100 µM] + 9.8419; R2 = 0.9898………: gCN.CuNF|GCE 

Ip (μA) = 0.111 C [0.05-40 µM]; R2 = 0.9785, 

Ip (μA) = 0.026 C [50-100 µM] + 3.2232 ; R2 = 0.9811,……………….: Bare GCE 

 

Figure 3.8: Calibration plot relating the peak current with the RF concentration recorded 

using (a) bare GCE, and (b) gCN.CuNF|GCE.  

The slope of the linear regression equations of calibration parameter is a measure of 

sensitivity. It can be observed that the sensitivity of gCN.CuNF|GCE was approximately 

four times higher than that of bare electrode. The limit of detection (LOD) for the 

unmodified GCE was found to be 42 nM, whereas the gCN.CuNF|GCE showcased a 
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LOD of 6 nM. The improved level of sensitivity exhibited by the gCN.CuNF|GCE 

architecture underscores its significant utility in the realm of voltammetric sensing 

applications. The superior performance of the gCN.CuNF|GCE, in comparison to the 

previously reported sensors, has been outlined in Table 3.1.  

Table 3.1: Comparative performance analysis of the proposed sensor with the recently 

reported voltammetric sensors for RF estimation  

Electroactive 

Surface 

 

Analytical  

Method 

Conc. range 

(µM) 

LOD 

(µM) 

Modification 

method 

Ref. 

Cr/SnO2/GCE DPV 0.2-1000 0.107 Drop cast 
38 

Bi2O3@MWCNT

@g-C3N4/GCE 
LSV 0.2-70 1.032 Drop cast 

39 

WO3/TiO2/Graph

ene/GCE 

 

LSV 0.02-2.5 0.025 Drop cast 

40 

SnO2-rGO/GCE 

 
SWV 0.1-150 0.034 Drop cast 

41 

Poly(DL−phenyla

lanine)/CPE 
DPV 

6-30 

 
0.092 Electrodeposition 

42 

MnO2/GCE DPV 2-110 0.027 Drop cast 
43 

gCN.CuNF|GCE SWV 0.05-100 0.006 
Single step 

electrodeposition 

This 

work 

3.3.4 Interference Study 

Another crucial trait of a sensor is the ability to differentiate between the target analyte 

and interfering substances commonly present in the real, physiological and food samples. 

Therefore, the selectivity of the sensor was analysed by monitoring the deviation in the 

oxidation current observed for 1 µM RF solution at a peak potential of -0.4 V in a matrix 

having cyanocobalamin (B12), ascorbic acid (AA), uric acid (UA), and hypoxanthine 

(HX) in addition to RF. It is evident from Figure 3.9(a) that no discernible change in the 

peak potential/current was observed even at higher concentration of interfering species.  

The results manifested the excellent selectivity of gCN.CuNF|GCE for assaying RF even 

in complicated matrices constituted of potentially similar chemical species. 
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3.3.5 Real Sample Study 

Following the comprehensive qualitative and quantitative estimation of RF in test 

solutions, the practicality of the developed sensor was evaluated by estimating RF in 

real/commercial samples from the food and pharma industries. A detailed real sample 

preparation method for each of the chosen items is documented in the experimental 

section.  

 
Figure 3.9: (a) Interference Study: SWV curves recorded in presence of 10 to 100 fold 

B12, AA UA, HX for RF using gCN.CuNF|GCE. (b-f) Real sample analysis: SWV 

demonstrating detection of RF in (b) Becosules Syrup, (c) Zincovit Tablet, (d) Almond, 

(e) Curd, and (f) Hershey’s Shake.  

The applicability of the sensor was first tested by validating the tabulated RF values of 

pharmaceutical samples. Figure 3.9(b) demonstrates the SWV recorded for test samples 
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prepared using commercial Becosules syrup. Each sample demonstrated a peak at -0.4 V, 

indicating the presence of RF. The peak current was found to increase with the increasing 

concentration of the prepared samples. The peak current was then used to quantify the 

RF in the test sample by employing the linear regression equation devised above. The 

results are presented in Table 3.2. The data demonstrates a good agreement between the 

tabulated concentration and the detected values, with a maximum error of 5.76 %. A 

similar analysis of samples prepared using the Zincovit tablet was performed. The 

observed SWV are presented in Figure 3.9(c), showcasing a sharp peak at -0.4 V, 

confirming the presence of RF in the tablet. The amount of riboflavin in the sample was 

determined by putting the measured current into the linear regression equation. The 

quantification data of the samples has been showcased in Table 3.2.    

Table 3.2: Quantification of RF in real samples using gCN.CuNF|GCE.  

Sample       Current (µA) Detected (µM) Actual (µM) Error (%) 

Pfizer Becosules Syrup 

1 

2 

3  

10.84 

16.54 

24.32 

23.56 

38.94 

84.17 

25 

40 

80 

5.76 

2.65 

5.21 

Zincovit Tablet 

1 

2 

3  

9.34 

10.67 

13.96 

20.30 

23.19 

30.35 

20 

25 

30 

1.50 

7.24 

1.16 

Almond 

1 

2 

0.07 

0.08 

0.15 

0.17 

0.15 

0.18 

0.00 

5.56 

Curd 

1 

2 

0.11 

0.22 

0.24 

0.48 

0.25 

0.46 

4.00 

4.35 

Hershey’s Shake 

1 

2 

3  

0.26 

0.42 

0.89 

0.57 

0.91 

1.94 

0.55 

0.94 

1.96 

3.64 

3.19 

1.02 

Next, the presence of RF in food samples was quantified. The samples were prepared as 

mentioned in the experimental section. Figure 3.9(d-f) presents the square wave 

voltammogram recorded for Almond, Curd, and Milk Shake, respectively. All three 
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samples exhibit a discernible peak at around -0.4 V, which is ascribed to the presence of 

RF. Furthermore, the increase in peak current was observed upon spiking with RF stock 

solution, confirming the association of peak observed at -0.4V with the RF in the food 

samples. The results are presented in Table 3.2. The observed peak current was then used 

to determine the amount of RF present in each sample. The observed values are tabulated 

in Table 3.2. To validate the observed results, the amount of RF in samples was 

simultaneously quantified with direct UV-Vis analysis.44 The study manifested excellent 

applicability of the developed electrochemical sensor for RF analysis in nutritional 

supplements and food samples. 

3.3.6 Reliability Studies 

To ensure the robustness of gCN.CuNF|GCE, the drop in electrochemical responses 

during continuous CV scans was monitored. Figure 3.10 (a) demonstrates that the 

gCN.CuNF|GCE manifests no measurable change in the blank response even after being 

subjected to 200 CV cycles. The fact that the blank voltammograms do not show any 

significant change demonstrates that the designed surface can withstand repeated 

measurements without any surface fouling. Figure 3.10 (b) illustrates the response of 

gCN.CuNF|GCE for first 100 SWV peak currents in 500 µM K3[Fe(CN)6]. After 

recording 100 consecutive readings, the peak current was found to drop by less than 5% 

of the initial current, as seen in the bar diagram. This indicates that the modified electrode 

exhibits appreciable level of stability for repetitive measurements. 

The prolonged stability and durability of the designed interface were investigated by 

recording SWV response of K3[Fe(CN)6], intermittently up to 30 days. The observations 

are depicted in Figure 3.10 (c). As witnessed from the SW voltammograms, only a 

marginal drop in peak current was noticed after 21 days, even when the electrodes were 

stored in normal environmental conditions. The data indicates the remarkable stability of 
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the modified surface over a period of 30 days without any supplementary storage 

conditions. Nevertheless, the longevity of the electrodes can be prolonged by storing 

them in a dry atmosphere or a container filled with nitrogen. Next the reproducibility of 

the modification protocol was assessed by conducting experiments on three distinct GCE 

that were modified concurrently with gCN.CuNF. The current response of these 

electrodes was then measured in 500 µM K3[Fe(CN)6] using Square Wave Voltammetry 

(SWV), and the results are depicted in Figure 3.10 (d). The voltammograms showcase 

concordant peak currents and peak potentials demonstrating a satisfactory level of 

reproducibility of the proposed methodology. 

 

Figure 3.10: (a) 200 consecutive CV curves recorded in blank (pH 7, PB buffer) using 

gCN.CuNF|GCE; SWV responses recorded in 500 µM potassium ferricyanide solution 

representing variation in current: (b) for first 100 measurements (in percentage) (c) first 

30 days (d) using three different GCE for modification.   
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3.4. Conclusions 

In this study, electrodeposition of gCN.CuO nanoflakes (gCN.CuNF) directly on a glassy 

carbon electrode is presented. The synergistic role of both gCN and CuO demonstrated 

favorable properties for electroanalysis of RF ascribed to the selective interaction of Cu 

(II) (vacant d orbitals) with high spin density regions lying between N and O of RF 

molecule as well as π-π interactions between π conjugated gCN framework and RF 

molecules which are expected to contribute to the facilitated electron transfer and confer 

significantly higher electrochemical activity to the gCN.CuNF|GCE. Ascribed to the 

three-dimensional hierarchical framework, increased electroactive surface area as well as 

the greater number of interaction sites, the gCN.CuNF|GCE showcased a RF oxidation 

peak at -0.418 V with a 4.6 X higher current and a ~13 mV potential shift compared to 

bare GCE, indicating facilitated electro-oxidation at the modified electrode. The 

gCN.CuNF|GCE demonstrated a wider linear range from 25 nM to 100 µM with a LOD 

of 6 nM. The sensor manifested appreciable selectivity for RF detection as concluded 

from the unperturbed SWV signal corresponding to RF electro-oxidation in a complex 

matrix made up of several interfering species like cyanocobalamin (Vitamin B12). 

Furthermore, the proposed sensor was successful in validating RF levels in 

pharmaceutical formulations and food samples, showcasing an error percentage of > 7%. 

Showcasing appreciable stability, repeatability, and reproducibility, the proposed 

strategy outlines the benefits of electrodeposition of rationally chosen nanocomposite 

over conventional drop-cast methods for revolutionizing the selectivity and sensitivity of 

next-generation electrochemical sensors. 
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