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3.1 Introduction 

Ascorbic acid (AA) also known as vitamin C, is a water-soluble vitamin, widely present 

in many biological systems, fruits, and vegetables. Ascorbic acid is frequently used to 

replace poor dietary intake because it is a powerful antioxidant and free-radical scavenger 

in human metabolism and may help to prevent illnesses like cancer and Parkinson's 

disease. Furthermore, the deficit of ascorbic acid can result in scurvy disease. It is also 

used to treat a wide range of diseases, such as cancer, Alzheimer's disease, atherosclerosis, 

infertility, and some HIV infection-related clinical symptoms [1,2]. The identification of 

ascorbic acid in a wide range of natural and prepared meals, medications, physiological 

fluids, fruit juices, soft drinks, and vegetables is crucial for biological and agro-industrial 

sectors. Therefore, the determination of ascorbic acid levels in the human body, fruit 

juice, soft drinks, and prepared meals,  has been accomplished by a variety of methods, 

including chemiluminescence [3,4], spectrometry [5,6], and chromatography [7,8]. 

However, these methodologies lack specificity and susceptibility to interference from 

other reducing agents in the sample. Since ascorbic acid is an electroactive compound, 

electrochemical techniques for its identification have garnered significant attention due 

to its great sensitivity, ease of use, for determining trace analytes, and affordability. These 

methods have been developed for a wide range of cations, anions, as well as organic 

compounds. Electrochemical methods, particularly voltammetry, have grown in 

prominence in recent years. These electrochemical methods have been used to identify 

pharmaceutical chemicals in dosage forms as well as biological samples [9]. The 

utilization of nanomaterial-modified bare electrodes as the redox-active center has been 

used in the fabrication and advancement of electrochemical sensing devices. Thus, the 
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synthesis of novel metal nanomaterials is imperative and has become a challenging 

research topic. 

In recent decades, noble metal nanoparticles (NMNPs), including Au, Ag, Pt, Pd, Ru, and 

their alloys, have garnered growing interest due to their distinct electrical, magnetic, 

optical, and catalytic characteristics [10]. Particularly noteworthy are Pd-based catalysts, 

which have gained prominence due to their comparatively lower cost and enhanced 

sensing capability compared to Pt catalysts [11,12]. Palladium nanoparticles have been 

used in the development of numerous electrochemical sensors. For example, palladium 

nanoparticles loaded with carbon nanofiber-modified electrodes were used for the 

simultaneous electrochemical measurement of dopamine, uric acid, and ascorbic acid 

[13]. An ultrathin palladium nanowire-modified electrode for selective determination of 

ascorbic acid [14], and palladium incorporated poly(3,4-ethylenedioxythiophene) films 

for simultaneous detection of dopamine and uric acid [15]. Palladium (Pd) nanoparticles 

and nanostructures play a crucial role in electrochemical sensing due to their unique 

physicochemical properties, such as excellent catalytic activity, high surface area, and 

superior electron transfer capabilities. The high surface area of Pd nanoparticles provides 

more active sites for electrochemical reactions. Pd nanoparticles accelerate the electron 

transfer between the electrode and the ascorbic acid, leading to faster reaction kinetics 

and improved signal responses. These properties significantly enhance the detection limit 

and sensitivity of ascorbic acid. The aim of my research is the fabrication of palladium-

modified electrodes and increase the sensitivity and low limit of detection during 

electrochemical sensing of ascorbic acid. Palladium nanoparticle has a high surface area 

so it shows high electrocatalytic activity. Due to its high catalytic activity, ascorbic acid 
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interacts more on the electrode surface and provides more electron and charge transfer 

therefore the Rct value decreases during electrochemical sensing of ascorbic acid as 

clearly shown in the EIS image. Pd has a stronger hydrogen affinity and superior 

performance than Pt in certain oxidation reactions, including alcohol and formic acid 

oxidation [16]. Palladium is generally more abundant and cheaper than platinum, making 

it a more economical choice for applications. Pd has more electrocatalytic activity and 

electrocatalytic stability than Pt [17].  Pd is more resistant to carbon monoxide (CO) 

poisoning than Pt, which is a significant advantage in catalysis and sensing. Pt sensors 

often suffer from CO poisoning, which hinders their performance in real-time 

applications. [18,19] Silver is cheaper than Pd, but its lower catalytic activity and 

tendency to oxidize in air and aqueous environments reduce its practicality in many 

catalytic and sensing applications. In conclusion, Pd nanoparticles offer a balance of high 

catalytic activity, cost-effectiveness, and good stability, especially in applications that 

involve hydrogen. Their resistance to poisoning and ability to form stable composites 

make them highly advantageous in electrochemical sensing compared to Pt and Ag. The 

electron transfer rate of nanoparticles in electrochemical sensing is primarily influenced 

by the size, shape, and electronic properties of the material. Palladium nanoparticles are 

widely used due to their excellent catalytic activity, surface area, and conductivity, which 

enhance the electron transfer process. However, comparing the electron transfer rates of 

Pd NPs with other nanoparticles such as gold (Au), platinum (Pt), and transition metal 

oxides (NiO) provides insights into their efficiency in different electrochemical 

applications. Palladium-modified electrodes exhibit lower charge transfer resistance and 

improved catalytic efficiency, making them ideal for application in the sensing of 
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biomolecules [20]. Au NPs have lower electron transfer kinetics for hydrogen evolution 

reaction compared to Pd NPs but are still competitive in glucose oxidase-based biosensors 

[21]. Pt NPs show comparable electron transfer kinetics in HER and ORR compared to 

Pd NPs, but their higher cost and susceptibility to poisoning (e.g., by CO) are significant 

drawbacks [22]. NiO-modified electrodes show slower electron transfer compared to Pd 

NPs, but are still effective for non-enzymatic glucose sensing due to the strong 

electrocatalytic activity in alkaline solutions [23]. The incorporation of graphene oxide 

enhances the electron transfer kinetics of Pd NPs, making them superior to conventional 

nanoparticles [24].  

Tetracyanoquinodimethane (TCNQ) with four cyano groups and π conjugation 

bonds have facilitated the formation of organic charge-transfer complexes and ion-radical 

salts like K (TCNQ) and Na (TCNQ) [25–31]. TCNQ has also been used as a redox 

mediator for regenerating oxidoreductase enzymes, especially glucose oxidase, and 

peroxidase, including the cofactor participating with dehydrogenase enzyme [32–35]. 

The advantage of the organic redox mediator is low background current even at a higher 

quantity within graphite paste which in turn allows sensitive and precise probing of 

various enzymatic reactions [36]. This justified the potential utilization of TCNQ in 

electrochemical biosensing. Although TCNQ has numerous advantages with 

electrochemical sensing, the dynamics of electrochemical reaction between biocatalyst 

and TCNQ is relatively slower as compared to that recorded with ferrocene derivative 

under similar conditions. This necessitated the search for a novel way to enhance the 

electrochemical performances of TCNQ as a redox mediator for a variety of practical 

applications on electrocatalysis, as attempted in the current study. 
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The redox electrochemistry of the electron transfer mediator within a 

heterogeneous matrix has been shown to be dependent on the support morphology.  The 

redox electrochemistry becomes sluggish on the exploitation of a nanostructured matrix 

for redox molecule encapsulation [37]. The sluggish electrochemistry related to the redox 

mediator encapsulated nanostructured matrix is due to the restricted mobility of the redox 

couple within the heterogeneous phase. This directed the current study toward a possible 

approach to fastening the rate of bio-electrochemical interaction between enzyme and 

redox mediators for reliable and sensitive electrochemical sensing. Herein, an attempt 

was made to introduce palladium into organically modified silicate (ORMOSIL) 

precursors as a heterogeneous matrix, involving the active role of palladium chloride [38]. 

This involved a specific interaction between palladium chloride and precursors of 

ORMOSIL, i.e., 3-glycidoxypropyltrimethoxysilane (GPTMS) and trimethoxysilane 

(TMS). GPTMS allowed the reduction of palladium chloride into palladium 

nanoparticles, followed by triggering the formation of palladium-linked ORMOSIL. 

While TMS enabled the formation of the Pd-Si-bond within the ORMOSIL matrix. These 

interactions between precursors of organically modified silica in the presence of ferrocene 

monocarboxylic acid enabled the formation of palladium-embedded ORMOSIL resulting 

in excellent redox electrochemistry of ORMOSIL encapsulated ferrocene derivative, and 

a nanostructured-heterogeneous-matrix behaving as a solid solution during 

electrochemical biosensing [37,39]. However, it is required to find either analogous 

variation in the redox electrochemistry of TCNQ that could be recorded as a function of 

palladium and its nanogeometry, as studied in the current work. 
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In current work, the use of functional alkoxysilane, especially 3-

aminopropyltrimethoxysilane (3-APTMS) which allowed controlled conversion of 

palladium-positive ions into palladium nanoparticles with cyclohexanone [40] and 

formaldehyde [41], is demonstrated. The resultant palladium nanoparticles can be 

calcined at the desired temperature and can be incorporated within graphite paste with 

TCNQ to reveal the dependence of palladium on the redox electrochemistry of TCNQ. 

Furthermore, the nanogeometry of palladium nanoparticles can also be controlled simply 

by altering the amount of 3-APTMS. Therefore, palladium nanoparticles with two 

different nanogeometry are prepared and employed for incorporation in graphite paste 

along with TCNQ for finding the dependence of palladium and its nanogeometry on redox 

electrochemistry of TCNQ modified electrode. The study involved cyclic voltammetry, 

impedance spectroscopy, and a typical case of ascorbic acid electrochemical sensing for 

confirming the effect of palladium and its nanogeometry on redox electrochemistry of 

TCNQ modified electrode.    

3.2 Experimental 

3.2.1 Materials 

Tetracyanoquinodimethane  TCI India Pvt. Ltd. while graphite powder (particle size < 20 

μm), Nujol oil (density 0.838 g/mL), potassium tetrachloropalladate (II) [K2PdCl4] were 

purchased from Sigma Aldrich Chemical Co., India. Formaldehyde and ascorbic acid 

were purchased from Merck, India. The other reagents used were all of the analytical 

grades and were used without further purification. 
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3.2.2 Synthesis of palladium nanoparticles (PdNPs) 

The synthesis of PdNPs was done by a previously reported method with slight 

modification [40]. Briefly, 100 µL ethylene glycol solution of K2PdCl4 (20 mM) was 

mixed with 5 µL and 10 µL of 3- APTMS (10 mM) for PdNP-1 and PdNP-2, respectively. 

The resultant solution was mixed on a cyclo mixture followed by the addition of 

formaldehyde and further stirring for 10 minutes.  The resultant product was incubated in 

a microwave for about one minute and centrifuged at 6000 rpm for 10 minutes to obtain 

the black color residue. The residue was washed two to three times and vacuum oven-

dried at 80 ℃ for two hours. 

3.2.3 Fabrication of modified carbon paste electrode 

The synthesized PdNP-1 and PdNP-2 were adsorbed on graphite powder. In order to 

prepare the graphite-blended PdNPs, 100 μL of PdNPs solution was mixed with 100 mg 

of graphite powder (molecular measure < 20 μM), and the mixture was then ultrasonically 

processed at 20 kHz for 20 minutes. The blends were allowed to stand overnight at 80 °C 

to dry completely. To eliminate the organic components, the PdNPs adsorbed on graphite 

particles were calcined at 600 °C in an N2 atmosphere. The calcined PdNP-1/PdNP-2 

mixed with TCNQ and graphite powder in a mortar after that added a few drops of 

nujol oil and homogeneously mixed. The homogeneous mixture was smoothed on 

butter paper and a modified carbon paste was obtained. Now this modified carbon 

paste is filled in a melting point glass capillary, and a copper wire is connected. 

Now our modified carbon paste electrode is ready and used for electrochemical 

analysis. The composition of the modified electrode is illustrated in Table 3.1.  
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Table 3.1    Composition of modified carbon paste electrodes. 

System TCNQ 

(w/w) % 

PdNPs adsorbed on 

graphite (w/w) % 

Graphite 

(w/w) % 

Nujol oil 

(w/w) % 

TCNQ 4.2 - 70.8 25.0 

CPE/TCNQ-PdNP-1 4.2 10.0 60.8 25.0 

CPE/TCNQ-PdNP-2 4.2 10.0 60.8 25.0 

 

To scaling up the electrode fabrication process for commercial or industrial applications 

is feasible for the following reasons:  

❖ The material used in the fabrication of the electrode is cost-effective and easily 

available. Palladium is more expensive in comparison to the other metals, but the 

amount of PdNPs used in the modification is minimal due to their nanoscale size 

which makes it cost-effective.  

❖ The synthesis method of PdNPs is simple and less time is required. 

❖ This fabrication process is repeatable and controlled, making it ideal for mass 

production. For larger-scale production, automated techniques such as spray 

coating or inkjet printing can be adapted to uniformly apply TCNQ-PdNPs onto 

screen-printed electrode surfaces. This will increase productivity while 

maintaining consistency.  

❖ For commercial applications, the process can be adapted for the fabrication of 

microelectrodes or screen-printed electrodes (SPEs), making it ideal for portable 

or disposable sensor technologies. This adaptability to miniaturization is essential 

for developing point-of-care diagnostics and field-based sensors. 
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Overall, the fabrication method of CPE/TCNQ-PdNPs is well-suited for the production 

of low-cost electrochemical sensors for the detection of ascorbic acid and various other 

electrochemical applications. 

3.2.4 Electrochemical measurements 

For electrochemical studies, an electrochemical workstation model, CHI 660E Inc., 

TX, USA, was utilized with a three-electrode cell with a working volume of 2 mL. 

As the reference and auxiliary electrodes, a silver/silver chloride electrode (Orion, 

Beverly, MA, USA) and a Pt electrode were used. The Ag/AgCl electrode is 

connected to all the potentials indicated below. The working electrode is a modified 

CPE/TCNQ, CPE/TCNQ-PdNP-1, and CPE/TCNQ-PdNP-2 electrode.  The influence of 

sweep rates on peak current (I) was investigated by recording cyclic voltammograms at 

various sweep rates ranging from 1 mV/s to 500 mV/s the absence and presence of 

ascorbic acid, and amperometry in a 0.1 M phosphate buffer (pH 7.0). 

3.3 Results and Discussion 

3.3.1 Synthesis and Characterization of palladium nanoparticles 

The current study revealed the preparation of nanosized palladium particles i.e., 

PdNP-1 and PdNP-2 of varying size with different concentrations of 3-APTMS. 

The XRD spectrum as shown in Figure 3.1 confirmed the planes of palladium 

assigned to 2θ values as per JCPDS #87-0641, corresponding to 40.02º (111), 

46.49º (200), 68.05º (220), 81.74º (311), and 86.24º (222). The sharp peaks were 

observed for larger-size palladium nanoparticles, while the broader peaks were for 

smaller-size PdNPs.  
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Figure 3.1 XRD spectra of palladium nanoparticles. 

The surface morphology and particle sizes of PdNP-1 and PdNP-2 were analyzed using 

transmission electron microscopy. The TEM image of PdNP-1 depicts a nearly spherical 

morphology with agglomerated particles and the average particle size is in the range of 

18 to 20 nm as shown in Figure 3.2 (a) and (b), respectively. The TEM image of PdNP-2 

displays spherical and triangular shapes (Figure 3.2 c), with an average particle size of 8-

10 nm (Figure 3.2 (d)). 
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Figure 3.2 (a, c) TEM image and (b, d) particle size distribution histogram of PdNP-1 and 

PdNP-2, respectively. 

The AFM images of PdNP-1 and PdNP-2 are illustrated in Figure 3.3 (a, b & c) 

and 3.3 (d, e & f), respectively. The average grain size of PdNP-1 and PdNP-2 is 

found to be 1 µm and 0.2 µm, respectively. These nanoparticles are used to mix 

with TCNQ for making modified electrodes, namely CPE/TCNQ-PdNP-1 and 

CPE/TCNQ-PdNP-2 for studying the impact of PdNPs on the redox 

electrochemistry of TCNQ. 
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Figure 3.3 (a, d) 2D AFM image, (b, e) 3D image, and (c, f) histogram of PdNP-1 & PdNP-2, 

respectively. 

3.3.2 Impact of Pd-nanogeometry on the redox electrochemistry of TCNQ-

modified carbon paste electrodes 

After carefully adsorbing PdNP-1 and PdNP-2 on graphite powder, 3-APTMS 

stabilized nanoparticles were calcined at 600 ℃ to remove all organic parts present 

on the palladium nanoparticle. Calcinated nanoparticles were subsequently used to 

understand the impact of PdNPs on the electrochemistry of TCNQ-modified 

electrodes as a close contact of PdNPs and TCNQ within graphite paste may 

facilitate the charge transfer rate during electrochemical measurements. In this 

regard, interesting findings were recorded. Figure 3.4 illustrates the results of 

cyclic voltammetry of (a) CPE/TCNQ, (b) CPE/TCNQ-PdNP-1, and (c) 

CPE/TCNQ-PdNP-2 with the modified carbon paste electrode (CPE). Firstly, the 
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variation in the redox performance of TCNQ within the CPE as a response to 

incorporated calcined PdNP-1 and PdNP-2 was investigated at different scan rates. 

As we increase the scan rate peak current increases and the oxidation peak potential 

is shifted towards a more positive value and the reduction peak potential shifted 

towards less potential. The difference in anodic (Epa) and cathodic (Epc) peak potentials 

(∆Ep) decrease and are found to be  243 mV, 233 mV, and 231 mV for CPE/TCNQ, 

CPE/TCNQ-PdNP-1, and CPE/TCNQ-PdNP-2, respectively. These findings indicate the 

increase in electron transfer is due to the function of palladium nanogeometry.  

 

Figure 3.4 Cyclic voltammograms of (a) CPE/TCNQ (b) CPE/TCNQ-PdNP-1 and (c) 

CPE/TCNQ-PdNP-2 in 0.1 M PBS (pH 7.0) between -0.2 to 0.6 V vs Ag/AgCl at different scan 

rates. 
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The effect of different scan rates has been examined on the modified electrode to access 

the interfacial kinetics by varying the scan rate from 1 mV s−1 to 100 mV s−1
 as illustrated 

in Figure 3.5 (a), (b), and (c) for CPE/TCNQ, CPE/TCNQ PdNP-1, and CPE/TCNQ 

PdNP-2 respectively. The plot of the oxidation peak current and reduction peak current 

versus the square root of the scan rate (υ1/2) gave a linear relationship, indicating that the 

reaction at the electrode-electrolyte interface is the diffusion control process. 

 

Figure 3.5 A plot of anodic/cathodic current versus square root of the scan rate for (a) CPE/TCNQ 

(b) CPE/TCNQ-PdNP-1 and (c) CPE/TCNQ-PdNP-2.  

Subsequently, the dynamic electrochemistry was investigated based on cyclic 

voltammetry in the absence and the presence of varying concentrations of ascorbic acid 

which act as an efficient electroactive species for direct and mediated electrochemistry. 
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The results, as shown in Figure 3.6, clearly revealed the significant enhancement of 

anodic current attributed to the electrochemical transformation of ascorbic acid which in 

turn confirmed the increase in electron transfer i.e. reduction in charge transfer resistance 

as a function of palladium nanogeometry. 

 

Figure 3.6 Cyclic voltammograms of (a) CPE/TCNQ (b) CPE/TCNQ-PdNP-1 and (c) 

CPE/TCNQ-PdNP-2 in the absence and presence of ascorbic acid (625 µM) in 0.1 M PBS (pH 

7.0) at a 2 mV/s scan rate. 

Further to understand the impact of palladium and its nanogeometry we plotted a graph 

current function (Ipa/υ
1/2) versus the square root of scan rate (υ1/2) as shown in Figure 3.7 

(a), (b), and (c). It has been found that all three electrodes such as CPE/TCNQ, 

CPE/TCNQ-PdNP-1, and CPE/TCNQ-PdNP-2 in the absence of ascorbic acid show a 
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horizontal straight line, whereas on the addition of ascorbic the current function gradually 

decreases as an increase in scan rate and finally tend to a straight line. At a higher scan 

rate, it attained equilibrium, and a steady-state current was obtained. The current function 

attains a steady value at a relatively higher scan rate in CPE/TCNQ-PdNP-2 as compared 

to CPE/TCNQ-PdNP-1 and CPE/TCNQ justifying faster charge transfer dynamics as a 

function of palladium nanogeometry. 

 

Figure 3.7 The plot of current function vs square root of scan rate of (a) CPE/TCNQ (b) 

CPE/TCNQ-PdNP-1 and (c)  CPE/TCNQ-PdNP-2. 

Differential pulse voltammetry (DPV) was subsequently investigated to understand the 

impact of palladium and its nanogeometry during electrochemical sensing. Figure 3.8 (a), 

b), and (c) shows the differential pulse voltammograms at varying concentrations of 
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ascorbic acid ranging from 0 mM to 5 mM for CPE/TCNQ, CPE/TCNQ-PdNP-1, and 

CPE/TCNQ-PdNP-2, respectively. The peak potential for ascorbic acid oxidation was 

found at around 0.247 V, 0.250 V, and 0.262 V for CPE/TCNQ, CPE/TCNQ-PdNP-1, 

and CPE/TCNQ-PdNP-2, respectively. The magnitude of peak current also increases with 

increasing the concentration of ascorbic acid.  

 

Figure 3.8 Differential pulse voltammograms of (a) CPE/TCNQ (b) CPE/TCNQ-PdNP-1 (c) 

CPE/TCNQ-PdNP-2 in the presence of varying concentrations of ascorbic acid. (d) shows the 

linear relation between peak current vs concentration of ascorbic acid. 

Figure 3.8 (d) shows the calibration curve of current versus ascorbic concentration. A 

linear relationship was obtained between the differential pulse voltammetry current and 

AA concentration with a gradual increase in sensitivity of AA sensing and found to be 

1.5, 1.9, and 2.5 µA/mM for CPE/TCNQ, CPE/TCNQ-PdNP-1, and CPE/TCNQ-PdNP-
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2 electrodes, respectively again confirming the contribution of palladium and its 

nanogeometry. 

The finding recorded in Figure 3.9 was further examined for reliable 

electrochemical sensing of ascorbic acid based on static electrochemistry at a constant 

potential close to the redox potential of CPE/TCNQ, CPE/TCNQ-PdNP-1, and 

CPE/TCNQ-PdNP-2 electrodes. Electroanalytical performances of modified electrodes 

were performed by amperometric measurement under stirring conditions. Amperometric 

measurement was performed successively by adding ascorbic acid (50 µM to 625 µM) to 

the continuously stirred solution with a working potential of 0.22 V versus Ag/AgCl and 

recorded. CPE/TCNQ-PdNP-2 showed higher current responses than CPE/TCNQ-PdNP-

1 and CPE/TCNQ modified electrodes, as shown in Figure 3.9 (a), (b), and (c). The 

standard curve prepared for ascorbic acid (AA) detection by amperometry is shown in 

Figure 3.9 (d). The outcomes imply an extensive linear relationship between the 

amperometric current and AA concentration. The limit of detection (LOD) was calculated 

by using the equation (3.1). 

                                                 𝐋𝐎𝐃 = 𝟑 ∗ 𝐒𝐃/𝐦                                                       (3.1) 

Where SD is the standard deviation in the intercept and m is the slope of the calibration 

curve. The LOD was determined to be 51.61 µM, 44.38 µM, and 30.10 µM for 

CPE/TCNQ, CPE/TCNQ-PdNP-1, and CPE/TCNQ-PdNP-2 modified electrodes, 

respectively [42]. The sensitivity for AA sensing was found to be 5, 7.5, and 14.8 µA/mM 

for CPE/TCNQ, CPE/TCNQ-PdNP-1, and CPE/TCNQ-PdNP-2 electrodes, respectively. 
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This confirms that the nanogeometery of palladium plays a significant role in the 

electroanalysis of AA. 

 

Figure 3.9  Amperometric response of (a) CPE/TCNQ (b) CPE/TCNQ PdNP-1 and (c) 

CPE/TCNQ PdNP-2 on the addition of varying concentrations of ascorbic acid between (50 µM 

to 625 µM) recorded at a constant potential of 0.22 V vs Ag/AgCl. (d) shows the linear relation 

between peak current vs concentration of ascorbic acid. 

3.3.3 Electrochemical impedance spectroscopy 

EIS study was further performed to examine the impact of palladium and its 

nanogeometry on electrode-electrolyte interface in the 0.1 M PBS (7.0 pH). The EIS 

analysis was recorded for CPE/TCNQ, CPE/TCNQ-PdNP-1, and CPE/TCNQ-
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PdNP-2 electrodes in 0.1 M phosphate buffer between the frequency range of 1.0 

Hz to 1000 kHz as shown in (Figure 3.10).  

 

Figure 3.10 Nyquist plots of (a) CPE/TCNQ (b) CPE/TCNQ-PdNP-1 and (c) CPE/TCNQ-PdNP-

2 in the presence of (0 mM to 7.5 mM) ascorbic acid. 

 

The EIS data was fitted on R(CR)W circuit by using ZSimpWin software. A typical 

Nyquist plot for Randle's circuit has two parts: the semi-circular and the linear 

element. At low frequencies, the linear element represents the mass transfer diffusion, 

whereas, at high frequencies, the semicircle's diameter signifies the charge transfer 

resistance (Rct)  [43]. The diameter of the circle component inside the Nyquist plot 

represents the charge transfer resistance (Rct) of the system. CPE/TCNQ-PdNP-2 shows 
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reduced Rct (2.73 x 103) ꭥ cm2 in comparision to the CPE/TCNQ-PdNP-1 (4.55 x 103) ꭥ 

cm2 and CPE/TCNQ (5.66 x 103) ꭥ cm2, respectively, in the presence of 11.25 mM AA 

concentration which indicates that the maximum charge transfer takes place in  

CPE/TCNQ-PdNP-2. This may be due to the increase in the surface area of the electrode 

and variable shapes of the as-synthesized PdNP-2.  

Table 3.2 Comparison of charge transfer resistance. 

 

 CPE/TCNQ CPE/TCNQ-PdNP-1 CPE/TCNQ-PdNP-2 

Concentration of AA 

(mM) 

Rct 

(ꭥ cm2) 

Rct 

(ꭥ cm2) 

Rct 

(ꭥ cm2) 

        0  (blank)   150.00 x 103 135.00 x 103 22.15 x 103 

3.75 32.00 x 103 25.18 x 103 11.37 x 103 

7.50 11.66 x 103 8.85 x 103 4.03 x 103 

11.25 5.66 x 103 4.55 x 103 2.73 x 103 

 

Additionally, with an increase in the concentration of ascorbic acid, the diameter of the 

semicircle decreases, and so does the gradual increase in the charge transfer process. The 

values of charge transfer resistance for CPE/TCNQ, CPE/TCNQ-PdNP-1, and 

CPE/TCNQ-PdNP-2 electrodes were calculated as recorded in Table 3.2, clearly 

justifying the impact of palladium and its nanogeometry on the redox electrochemistry of 

TCNQ confirming that an increase in palladium nanogeometry subsequently decreases 

the charge transfer resistance allowing faster dynamic electrochemistry of TCNQ 

modified electrode. 
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Table 3.3 Comparison of proposed modified carbon paste electrodes with previously reported 

ascorbic acid sensors. 

 

Electrode Linear range 

(µM) 

LOD (µM) Sensitivity 

(µA/mM) 

Reference 

MnFe2O4/MoS2/SPCE 200-1000 175.0 - [44] 

ERGO/GCE 500-2000 250.0 - [45] 

GO-TmPO4/GCE 100-1000 39.0 12.39 [46] 

PANI/SPE 30-270 30.0 17.7 [47] 

NiHCF/Au 100-12000 25.0 - [48] 

PrGO/PB/GCE 283-2330 34.7 - [49] 

ZnO-CuxO-PPy/GCE 200-1000 25.0 - [50] 

CPE/TCNQ 50-625 51.61 5.0 This work 

CPE/TCNQ-PdNP-1 50-625 44.38 7.5 This work 

CPE/TCNQ-PdNP-2 50-625 30.35 14.8 This work 

(SPCE = screen printing carbon electrode, GCE = glassy carbon electrode, PANI = Polyaniline 

NiHCF = Nickel hexacyanoferrate, PPy = poly payroll, PB = Prussian blue) 

3.3.4 Calculation of electrochemical active surface area  

The electrochemical active surface area (EASA) of working electrodes was investigated 

by taking a cyclic voltammogram of CPE/TCNQ, CPE/TCNQ-PdNP-1, and CPE/TCNQ-

PdNP-2 in 0.1 M phosphate buffer at a scan rate of 15 mV/s, which is shown in (Figure 

3.4 (a), (b), and (c), respectively. Peak current increases with increasing scan rate and the 

oxidation peak potential is shifted to a more positive value and the reduction peak 
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potential is shifted to a lower potential. To determine the EASA of CPE/TCNQ, 

CPE/TCNQ-PdNP-1, and CPE/TCNQ-PdNP-2, we utilized the Randles-Sevcik equation 

[51] described in equation (3.2). 

                                         𝐈𝐩 = (𝟐 ⋅ 𝟔𝟗 ∗ 𝟏𝟎𝟓)𝐧𝟑 𝟐⁄ 𝐀𝐃𝟏 𝟐⁄ 𝛎𝟏∕𝟐𝐂𝟎                               (3.2) 

Where A denotes the electrochemical active surface area (cm2), D denotes the diffusion 

coefficient of ascorbic acid (5.0 x 10-6 cm2 s-1 at 25 ℃), C0 denotes the concentration of 

electroactive analyte, n denotes the number of electrons exchanged during the reversible 

reaction, Ip denotes peak current (A), and υ denotes the scan rate (Vs-1). By putting these 

values in equation (1), the EASA of CPE/TCNQ, CPE/TCNQ-PdNP-1, and CPE/TCNQ-

PdNP-2 were calculated to be 0.0547 cm2, 0.2350 cm2, and 0.2704 cm2 respectively. The 

electrochemical characterizations indicate that CPE/TCNQ-PdNP-2 has superior 

electrochemical behavior than CPE/TCNQ and CPE/ TCNQ-PdNP-1. It is predicted that 

CPE/TCNQ-PdNP-2 to be a good platform for the electrochemical sensing of ascorbic 

acid. 

3.3.5 Effect of pH on CPE/TCNQ-PdNP-2, reproducibility and stability 

The pH parameter is extremely important for the electrochemical sensing of AA since it 

strongly influences the oxidation process. The electrochemical response of AA was 

studied by using cyclic voltammetry technique in 0.1 M phosphate buffer solution with 

different pH values (5.0 pH to 9.0 pH). It has been observed that at pH 7.0 highest current 

was obtained due to the anodic oxidation of AA (Figure 3.11 (a)). Thereafter, either 

an increase or decrease in the pH value has decreased the peak current, and the 

standard deviation in the current was 1.89 %. 
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Figure 3.11 (a) Effect of pH on CPE/TCNQ-PdNP-2 modified electrode (b) stability and (c) 

reproducibility of CPE/TCNQ-PdNP-2 modified electrodes. 

The stability of the modified electrode was checked by storing the electrode at ambient 

temperatures for 5, 10, and 15 days. After then cyclic voltammetric analysis was 

performed in 0.1 M phosphate buffer solution (pH 7.0). The decrease in the current was 

found to be 98 %, 96 %, and 94 % of its initial value (Figure 3.11 (b)). This result shows 

that modified electrodes have good stability.  

To determine the sensor's reproducibility, five independent CPE/TCNQ-PdNP-2 

modified electrodes were produced in the same manner, and cyclic voltammetric analysis 

was performed in 0.1 M phosphate buffer solution (pH 7.0). The variation in the current 
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was only 1 µA (Figure 3.11 (c)). The standard deviation was 0.35 % indicating that the 

modified electrode is showing good reproducibility.  

3.3.6 Real sample analysis 

In order to study the practical significance of the TCNQ-PdNP-2 modified carbon paste 

electrode real sample analysis was performed in vitamin C tablets using the standard 

addition method. The vitamin C tablet was diluted in 0.1 M phosphate buffer solution (pH 

7.0). Vitamin C tablet samples were added with 10, 20, and 50 µM ascorbic acid in 0.1 

M phosphate buffer solution using an amperometric technique at a fixed potential of 0.22 

V vs. Ag/AgCl. The recovery result ranges from 93.60 % to 98.32 % as shown in (Table 

3.4). A recovery range within 90 % to 110 % is acceptable in analytical chemistry for 

complex matrices, meaning that the method provides reliable results in real-time analysis. 

This recovery range of 93.60 % to 98.32 % signifies that the electrochemical method used 

for vitamin C tablet analysis is accurate, reliable, and applicable for real sample analysis 

in pharmaceutical formulations. The method demonstrates minimal matrix effects, high 

precision, and compliance with regulatory standards, making it suitable for routine quality 

control and validation purposes in the analysis of vitamin C in commercial tablets. 

Table 3.4  Real sample analysis of ascorbic acid in ascorbic acid tablet sample. 

Sample No. Amount used 

(µM) 

*Amount 

found (µM) 

Recovery (%) 

1 10 9.36 ± 0.32 93.60 

2 20 18.84 ± 0.53 94.20 

3 50 49.16 ± 0.16 98.32 

*Repeated three times (n =3) 
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3.4 Conclusions 

The current research was undertaken to fasten the dynamic electrochemistry of TCNQ in 

electrochemical sensing in the presence of palladium in two different nanogeometry. The 

three different systems, namely CPE/TCNQ, CPE/TCNQ-PdNP-1, and CPE/TCNQ-

PdNP-2 electrodes, clearly predict the gradual decrease in charge transfer resistance as a 

function of palladium nanogeometry. The sluggish electrochemistry of TCNQ-modified 

electrodes tends to be faster in the presence of palladium, with a gradual increase in terms 

of peak current as a function of palladium nanogeometry. The TCNQ-modified electrode 

function was observed to be dependent on palladium nanogeometry even at a faster scan 

rate. The CPE/TCNQ-PdNP-2 modified electrode showed high sensitivity (14.8 

µA/mM), a wide linear range (50-625 µM), and a low detection limit (30.35 µM). 

Additionally, it shows outstanding reproducibility, storage stability, repeatability, and 

accuracy in real sample detection. The as-synthesized palladium nanoparticle is cost-

effective and widely accessible, making it a viable alternative for low-cost portable sensor 

manufacturing. This can improve the market competitiveness of commercially available 

enzyme-free sensors, which currently rely mainly on precious metals for electrode 

materials. 
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