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Abstract 

As a noble metal, gold is considered the most popular material in 

electrocatalysis. In spite of that, this metal is a highly expensive material in 

the manufacture of low-cost devices. In the present work, scrap gold, 

produced in jewelry as waste, is introduced as a low-cost resource of gold 

to be recycled. A gold electrode was fabricated by connecting the tablet-

shaped recycled gold with copper wire and inserting it into a 

polytetrafluoroethylene (PTFE) tube. The manufactured electrodes are 

easily renewable, modifiable with nanomaterials, and show excellent 

electrochemical characteristics in the presence of redox species. The 

fabricated bare and gold nanoparticles modified electrodes show quasi-

reversible interfacial charge transfer kinetics controlled by mass-transport. 

The modified electrode exhibits good reproducibility with electrocatalytic 

activity in presence of [Fe(CN)6]4-/3- redox couples. They also displayed a 

significantly large peak separation potential between the oxidation and 

reduction peaks at different scan rates. The CV (cyclic voltammetry), DPV 

(differential pulse voltammetry), and EIS (electrochemical impedance 

spectroscopic) analysis data infer that the developed recycled gold-based 

electrodes would be suitable not only for the development of low-cost 

electrocatalytic sensors devices but also for routine electroanalysis. 
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1. Introduction 

Gold is anticipated to play a major role as a catalyst in a variety of industrial and non-industrial 

applications. Due to its passive nature compared to other metals, gold (Au) has been the source of 

many wonderful historical goods. It is inert for many catalytic reactions because it is too noble, 

but it has become incredibly active when partitioned at the nanoscale [1]. Gold is utilised in a wide 

range of products, from high-end accessories to carefully guarded bars to tiny amounts in 

technological devices. Heterogeneous catalysis using gold nanoparticles has been a "hot issue" 

since it may be employed in a number of industrially and environmentally crucial oxidation 

reactions, such as sensor technologies and hydrogen fuel production [2-8], with new discoveries 

being made on a regular basis. In the last decade, the use of functionalized gold nanoparticles 

(AuNPs) for targeted sensing of particular biomolecules has become a popular research topic [4, 

9]. AuNP-based sensors are expected to change the principles of sensing and recognising 

biomolecules. In addition to sensing [3, 10], gold nanoparticles are intriguing candidates for 

photothermal therapy, diagnostic, and drug delivery applications [10-13]. Due to their excellent 

properties such as highly resonant particle plasmons, conductivity, direct visualisation of single 

nanoclusters by light scattering, electrochemical properties, and colloidal AuNPs are appealing 

materials for many biotechnology applications. AuNPs can also easily attach to biomolecules, 

which makes them good candidates for transducers in sensing technologies for a wide range of 

bioreceptor uses [4, 14-20]. 

The cost of gold materials, on the other hand, is a crucial consideration in assessing the viability 

of its applications [21]. It is a costly material, which limits its use in various fields, despite its 

superb performances compare to other metals. Mining (74%), high-value gold recycling (23%), 

and electronic scrap (3%) are the gold pathways that satisfy the world gold supply [22]. In 2018, 

the overall gold supply was 4670 tons, with 23% coming from the refinement of gold-containing 

debris like jewellery or coins, 3% from the recovering of waste electronic equipment, and the 

remainder coming from freshly mined gold [23]. Gold scraps can come from a variety of sources, 

including waste electronic and electrical items, jewellery, used dental and orthopaedic 

components, spent catalysts, and so on, and come in a variety of shapes and sizes. Gold that is 'lost' 

throughout the production process can have a major impact on product costs and profitability. 

Whether gold jewellery is manufactured using conventional methods in a workshop or bulk 

production in a factory, scrap material, including defective jewellery, is always generated. Scrap 
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occurs at every stage of jewellery production, including debasing and bar production, investment 

casting along with defective castings and feeders, stamping with blanking processes, drilling, 

workbench filing, sawing, soldering, and finishing (diamond cutting, polishing, and so on) [24]. 

But the processing of such trace gold is difficult [25] to recover with high purity. Scrap is made 

up of abandoned materials from the manufacturing process as well as rejected jewellery. This 

might range from high to modest in terms of precious metal content. Damaged and worn products 

returned by consumers or purchased on the open market are likewise a high-grade gold supply, 

although the quality is less certain. That jewellery scrap gold could be a great low-cost source of 

high-quality gold recycling. Therefore, a simple and effective recycling procedure is required.  

Cupellation, Miller chlorination, Wohlwill electrolysis, and the Aqua Regia process are some of 

the methods for recovering gold from various sources [24, 26], but all are not appropriate for the 

in-house small-scale refining or in a jewellery manufacture atmosphere. For example, the 

cupellation process needs very high temperature, it releases abundant quantities of poisonous metal 

oxide emissions, creating air pollution unless costly fume reduction systems (gas scrubbers) are to 

be set up [23]. Hence, this process is not recommended for small-scale home recycling of gold. In 

Miller chlorination process, it is needed extensive technical skills to run the process and have 

substantial health and safety allegations in work with Cl2 gas. Consequently, this process is not 

suitable to small-scale refining. The Wohlwill electrolytic process is an old-fashioned, recognized 

procedure for the high-scale gold refining. But it is a long-time process that endures from the lock-

up of gold supply in the electrolytic cell associated with the expensive gold electrode and constant 

power supply. As a result, it is not recommended for small-scale in-house refiners. The Aqua Regia 

procedure, on the other hand, is the simplest, fastest, and most robust of them all, is an efficient 

method for recovering gold with high purity. Furthermore, on a small-medium size, this technique 

is the most extensively employed by refineries and jewellers alike, and able to produce gold with 

a purity close to 100%, which is crucial for the electrode construction. 

Gold is one of the most widely used solid metallic electrodes in the field of electroanalytical 

chemistry on account of its excellent electrochemical properties, the ease of surface modification 

by self-assembling and the inertness in the presence of almost all chemical reagents [27, 28]. Due 

to the extreme price of gold electrodes, the development of low-cost devices has fueled the quest 

for alternate methodologies and/or less expensive supplies of this metal [28, 29]. Highly pure gold 

is required for electrode production, which raises the electrode cost even more. The soaring 
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expense of gold-based electrodes has encouraged researchers to explore inexpensive sources of 

this noble metal, motivated by the advancement of reproducible, renewable, disposable, wearable, 

and low-cost sensor devices. Keeping the cost factor in mind, a group of scientists in 1997 

introduced a gold micro-electrode arrays using split integrated circuit chips [29]. The 

electrochemical performance of those electrodes was satisfactory in terms of the uniformity of 

their electrode surface. But they are not satisfactory regarding the repeated use of the same 

electrode surface. 3 years later, Angnes et. al 2000 reported a versatile method of fabrication for 

gold electrodes named ‘CDtrodes’ employing recordable CDs as the less-expensive source of gold 

[28]. Those electrodes are easy to fabricate and reproducible for single use, but they are not fit for 

multiple uses after renewal of the same surface due to their extremely low electrode thickness. 

Recently, M.S.F.  Santos and his co-workers reported a gold-leaf sheet, used in low-cost source of 

gold such as wedding candies and decorative crafts, based electrodes [30]. Those electrodes were 

disposable and wearable, but the reproducibility was not sufficient (the relative standard deviation 

or RSD was about 4%). Moreover, the renewal process of the electrode surface was not efficient 

as the old surface must be rejected after cutting with a sharp blade, which causes the wastage of 

gold. Therefore, the electrochemical performance of those reported electrodes suffers from the 

lack of sufficient reproducibility, multiple use, and renewability of the electrode surface, which 

could reduce the cost significantly. The potential reason behind those drawbacks might be the lack 

of adequate purity owing to their direct use of the gold-based waste materials without extraction 

and purification of gold from those bulk materials.     

In our current study, we employed the Aqua Regia process to recycle gold from high-grade 

jewellery trash gold, and this purified gold was used to fabricate a low-cost gold electrode (AuE) 

to minimize those limitations. The performance of the manufactured AuE surface was investigated 

using several electrochemical techniques such as CV, DPV and EIS as those techniques are simple, 

low-cost, and highly recommended for the characterization of any electrode surface. In addition, 

the electrocatalytic usefulness of the produced AuE was tested using potassium ferrocyanide as a 

model electroactive analyte following the modification of the fabricated AuE surface with AuNPs.    
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2.0 Experimental  

2.1 Chemicals and Reagents 

All the solutions and analytical-grade reagents were prepared with deionized water. Potassium 

chloride (KCl), potassium ferrocyanide (K4[Fe (CN)6]), potassium ferricyanide (K3[Fe (CN)6]), 

and sodium metabisulfite (Na2S2O5) were purchased from Sigma-Aldrich (Germany). Sulfuric 

acid (H2SO4), nitric acid (HNO3), hydrochloric acid (HCl), and silver nitrate (AgNO3) were 

purchased from E. Merck (Germany). The supporting electrolyte solution (0.1 M KCl) used in the 

electrochemical cell as electrolytic medium was prepared using analytical grade reagents not 

including additional purification.  

2.2 Recycling of Gold from Jewellery Scrap Gold 

Scrap gold (22-karat) as defective jewellery collected from the jewellery shop needs to be pre-

treated prior to refinement for reducing the costs and maximizing the recycling of precious gold, 

which is essential to economical and efficient recovery[24]. During the pre-treatment stage, the 

collected scrap gold is washed and cleaned with deionized water (DIW), acidic and alkaline DIW 

followed by the ultrasonication to remove any dirt, adhered greasy inclusions, refractory abrasives 

along with other impurities on the surface of the scrap gold materials and then dried in air. The 

next step is established on the fact that aqua regia (a mixture of 3 parts of 37% hydrochloric and 1 

part of 65% nitric acid) can dissolve gold from the pre-treated scrap gold. Consequently, the 

jewellery scrap gold (about 1 g) is dissolved in the aqua regia forming soluble chloride of gold 

with magnetic stirring to ensure full digestion of gold upon gentle heating on a water bath placed 

into a fume hood. After allowing the resulting mixture about 15 minutes to settle down the solid 

sludge impurities is filtered out by the vacuum filtration. In consequence, the solid silver chloride 

(AgCl) is filtered off after precipitation. At the final stage, the gold is selectively separated as 

precipitate from the filtrate solution by adding sodium metabisulfite (> 97%) as reducing agent. 

Then the gold precipitate is filtered off, washed followed by drying and thus obtained powder is 

melted to a solid mass (the yield was about 91%). From this bulk gold, a tablet shaped electrode 

(with diameter of 4 mm and thickness of 2 mm) is designed for the fabrication of AuE. There are 

health safety including the environmental pollution aspects that are also to be considered, during 

the recycling process. A brief outline of the process is presented in the Fig. 1. 
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Fig.1: A outline of the recycling of gold from jewellery scrap gold. 

2.3 Design of gold-Electrode and Fabrication 

A schematic diagram of the fabrication process of the gold electrode (AuE) is illustrated in Fig. 2.  

 

Fig. 2:  Schematic diagram for the fabrication of AuE 

This in-hose fabrication of the AuE is a cost-effective method, since all the electrode materials and 

accessories (Fig. 2a) were collected from the local market and jewellery shop. To fabricate the 

AuE, the recycled gold was shaped to a tablet of 4 mm diameter and 2 mm thickness, after which 

it was joined with a copper wire (3.5 mm diameter) as shown in Fig. 1b, to create a terminal for 

electrical contact. It is a simple method following which we have joined the two metals together. 
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Gold metal can be bonded with copper easily by heat. Copper wires have significant disadvantages 

compared with gold wires, since copper can oxidize at a relatively low temperature and the bonding 

parameters are harsher[31]. If copper wire is used, nitrogen must be used as a cover gas to prevent 

copper oxide formation during the bonding process. Copper is also harder than gold, which makes 

damage to the surface more likely. During this experiment, the two metals were joined it in an 

open-air environment, where we softened the gold tablet by heating and then joined with copper 

by quickly solidifying at room temperature to avoid the oxidation of copper. Subsequently, a 

polytetrafluoroethylene (PTFE) rod (6.5 mm outer diameter) was bored to fit the Cu-AuE junction 

rod (Fig. 1c). After fitting the Cu-AuE electrode tightly into the PTFE tube, the surface of the AuE 

was polished on polishing sandpaper followed by a polishing cloth to produce a mirror-like smooth 

surface. Then the electrode surface was washed with plenty of deionized water following 

sonication to clean the gold electrode surface for the electrochemical measurements and the 

modification with AuNPs. 

2.4. AuE surface modification with gold nanoparticles (Au NPs): 

Au NPs, as a standard (5 nm) Au NPs solution (Cytodiagnostics Inc, Canada) was deposited on 

the polished and cleaned AuE surface following the simple drop-casting method as described in 

the previous literatures[17, 32, 33]. In this method, 10 μL standard Au NPs solution was drop 

casted vertically on the AuE surface using a micropipette and then air-dried in the open air. Thus, 

the prepared modified electrode has been expressed as AuNP/AuE in the following texts.  

2.3 Instrumentation and electrochemical measurements 

Cyclic Voltammetry, Differential Pulse Voltammetry and Electrochemical Impedance 

Spectroscopic characterization of the fabricated AuE surface were caried out using a CHI 660E 

electrochemical workstation (CH Instruments, USA). The Metrohm AUTOLAB 

Potentiostat/Galvanostat evaluated the electrocatalytic performance of the modified AuNP/AuE 

surface with NOVA 2.1.4 software (METROHM, Switzerland). A 3-electrodes electrochemical 

cell system was used for all the electrochemical measurements, which includes the fabricated AuE 

(diameter of 4 mm) and modified AuNP/AuE as working electrode (WS), a platinum wire 

(diameter of 1 mm) as auxiliary electrode (AU), and a Ag/AgCl (KCl 3M) reference electrode 

(RE). The surface of the working electrode was polished with 0.05 μm alumina/water slurry 

(Buehler, USA) for obtaining a mirror-like finish, followed by the sonication, and then rinsed with 

enough distilled water before conducting the experiments. The solution system was degassed from 



Mamun M.A et al Malay. Catal.Int.J Vol 1, Issue 2(2022) 01-20 

8 | Malay. Catal. Int. J., Vol 1. 2022 
 

O2 by purging about 30 min with N2 gas and simultaneously stirring with a magnetic stirrer to 

homogenize the solution. All the electrochemical studies and characterization of the electrode 

surfaces were recorded with regard to the Ag/AgCl RE. The cyclic voltammetry (CV) experiments 

were carried out between the potential window -0.2 V and 0.8 V with 100 mVs-1 scan rates or 

otherwise specified. The experimental conditions for the DPV electrochemical measurements were 

as pulse period= 1000 ms, pulse amplitude = 100 mV/s, and pulse width =2 ms. The 

electrochemical impedance spectroscopy (EIS) measurements were conducted at the formal redox 

potential of [Fe(CN)6]
3− calculated from its cyclic voltammetric peak potentials (cathodic and 

anodic). The EIS spectra were recorded over a frequency range from 100 kHz to 1 Hz with an 

amplitude of 5 mV.  

3.0 Results and discussion 

The performance and characterization of the manufactured gold electrodes were performed using 

CV, DPV and EIS analysis at ambient temperature and pressure as discussed below.  

 

Fig. 3: Electrochemical characterization of fabricated AuE surface: comparison of (a) CV, (b) DPV and (c) EIS in 0.1 

M KCl (solid line-blue) and in 10 mM [K3Fe(CN)6] (solid line-red) at bare AuE  vs Ag/AgCl RE at 100 mV s-1, (d) 

The electrochemical behavior of the fabricated gold electrode surface in 10 mM [K3Fe(CN)6] at various scan rates of 

50, 100, 200, 300, 400 and 500 mV s-1 and (e) the corresponding Randless-Sevcick Plots: the variation of cathodic 

peak current(ipc) and anodic peak current (ipa) with SQRT of scan rate on the same electrode vs Ag/AgCl RE.   
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3.1 Cyclic Voltammetry:  

Cyclic voltammogram (CV) provides information about the electrode-solution interfacial reactions 

occurring before and after electron transfer as well as before and after modification of the electrode 

surface[34-39]. This information is obtained from a comparison of peak currents between 

oxidation and reduction peaks which are coupled and from peak current data as a function of scan 

rate[40-42]. The important electrochemical parameters for a CV are the ipa (anodic peak current), 

ipc (cathodic peak current), Epa (anodic peak potential) and Epc (cathodic peak potential), ∆E (peak 

potential separation) and ipa/ipc (peak current ratio), etc. reveals the characteristic features of an 

electrode surface and its electrochemical performance. The CV measurement results obtained at 

the fabricated gold electrode are illustrated in Fig. 3a, d and e. Table 1 demonstrates the current-

potential data, peak current ratio, and peak separation potential calculated from the 

voltammograms of K3[Fe (CN)6] redox species at ambient temperature on the fabricated AuE 

surface vs Ag/AgCl RE at different scan rates (Fig. 3d). According to the CVs (Fig. 3a) taken at 

the bare AuE in 0.1 M KCl electrolyte (solid line-blue) and in presence of redox species (solid 

line-blue) vs Ag/AgCl at 100 mV s-1 scan rate between the specified potential window 0.8 V and 

-0.2 V, no characteristics CV peaks were found in the absence of redox species, while a pair of 

clearly defined redox peaks were found in presence of K3[Fe (CN)6] at about 0.3461 V and 0.0726 

V as cathodic and anodic peak, respectively. These CV data comply with the typical CV behavior 

of the commercial gold electrode as reported before[43, 44]. However, the validity of the Randles–

Ševčík equation was also investigated for the fabricated AuE as discussed below.   

In CV, the Randles–Ševčík equation represents the influence of scan rate on the peak current (ip) 

that depends not only on the diffusional properties and concentration of the redox species but also 

on the scan rate[45, 46] as the following equation 1: 

                                                   ip = 0.4463 nFAC (nF v D/RT)1/2                                                         (1) 

Or at 25 °C[47] with the equation 2: 

                                                    ip = 2.69x 10-5 n3/2 AD1/2C v1/2                                                (2) 

Where, ip represents the peak current (A), n is the number of electrons transferred in the redox 

reaction, A denotes electrode surface area (cm2), F is the Faraday constant (C mol−1), D is the 

diffusion coefficient (cm2 s-1), C is the concentration (mol L-1), ν = scan rate (Vs-1), R is the Gas 

constant (J K−1 mol−1), and T is temperature (K). 
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Table 1: Current-potential data, peak current ratio, and peak separation potential calculated from the 

voltammograms of K3[Fe (CN)6] at ambient temperature on fabricated gold electrode surface vs Ag/AgCl 

RE 

Scan 

rate, 

ν 

 

(Vs-1) 

log ν 

 

 

 

(-) 

 

 

SQRT 

of 

Scan rate, 

 

ν1/2 

 

Conc

, 

C 

 

 

(mM

) 

Cathc 

peak 

potenl, 

Epc 

(V) 

 

Cathc 

peak 

current

, 

ipc 

(A)x 

104 

 

Anodc 

Peak 

Potenl, 

 

Epa 

(V) 

Anodc 

peak 

current, 

ipa 

(A)x 

104 

(-) 

Peak 

curren

t 

Ratio, 

 

ipa/ipc 

Peak 

separatio

n 

potential, 

 

ΔE = 

(Epc-Epa) 

(V) 

Formal 

Potenl, 

 

 

Eo = 

(Epc+Epa)/2 

(V) 

Over 

Potenl, 

ɳ 

(Epc- Eo) 

(V) 

(-) 

 

0.050 1.3 0.2236 10 0.3325 1.115 0.1042 1.315 1.18 0.2283 0.218 0.114 

0.100 1.0 0.3162 10 0.3461 1.466 0.0726 1.773 1.20 0.2735 0.209 0.137 

0.200 0.7 0.4472 10 0.3679 1.893 0.0353 2.338 1.23 0.3326 0.210 0.158 

0.300 0.5 0.5477 10 0.3856 2.199 0.0176 2.796 1.27 0.368 0.202 0.184 

0.400 0.4 0.6324 10 0.3995 2.397 0.0018 3.224 1.34 0.3977 0.201 0.199 

0.500 0.3 0.7071 10 0.4191 2.519 -0.0140 3.544 1.40 0.4331 0.202 0.217 

Square root = SQRT, Conc = Concentration, Cathc= Cathodic, Potenl = Potential, Anodc = Anodic, RE = Reference electrode 

According to the Randles–Ševčík (RS) equation the voltammograms at various scan rates display 

the peak current of both the anodic (ipa) and cathodic (ipc) peaks rise when the scan rate increases 

(Table 1), indicating the interfacial charge transfer with diffusion on the fabricated AuE surface. 

Following the plot of peak current ip (A) vs. SQRT of ν for the AuE (as depicted in Fig. 3e) also 

shows that the ip, values increase linearly (with R2 values as 0.9844 and 0.9958 for the cathodic 

and anodic RS plot, respectively) with the increase of SQRT of scan rate which reveals that the 

electrode reaction controlled by the mass transport[33]. However, since the peak potential 

separation at different scan rates is found as higher than 118 mV (Table 2) the Tafel equation can 

be expressed as follows:  

      i = io e (-α n F ɳ / R T)                                                                                 (3) 

or ln i = ln io - α n F ɳ / R T                                           (4)                             

where, the Tafel slope = α n F / R T, α = transfer coefficient or symmetry factor (0 to 1), ɳ = over 

potential                                  

According to the calculated date depicted in Table 1 it is noticed that the overpotential ɳ increases 

with the increase of ν (vs. Ag/AgCl) which imply that the Tafel plot slope would not be zero 

indicates the redox process is not purely reversible. The data also reveals that the values of Epa is 

shifted towards the negative potential and that of Epc to the positive potential for increasing the 
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scan rate. The calculated cathodic over potentials at different scan rates show an increasing trend 

(Table 1) may be due to the shifting of cathodic peaks with the increase of scan rates [48]. The 

magnitudes of peak current ratios also explain that the electron transfer process is a quasi-

reversible heterogeneous charge transfer process instead of purely reversible process. That means, 

the current or the rate of reaction in this quasi-reversible process is controlled by both the mass 

and charge transfer process. This approach holds the benefit of being pertinent to electrode 

reactions are not completely irreversible, in another word, those in which both the processes 

(anodic and cathodic) subsidize significantly to the measured currents within the overpotential 

window where the mass transfer properties are unimportant. This type of system is referred as 

quasireversible because the opposite charge-transfer processes be required to be considered, still 

a perceptible activation overpotential is mandatory to operate a certain net current across the 

electrode-solution interface. Therefore, the experimental data obtained for the fabricated AuE after 

CV analysis of K3[Fe (CN)6] redox species demonstrate a typical cyclic voltammetric behavior 

that would also be applicable for the analysis of other electroactive analytes.                                                                                                                                                   

3.2 Differential Pulse Voltammetry (DPV) 

DPV holds the advantages of lower background current and higher sensitivity regarding 

electrochemical response as compared to the CV. Comparing with the CV (as shown in Fig. 3a) it 

is also found that the DPV (as illustrated in Fig. 3b) obtained for the AuE surface shows a low 

background current (solid-blue line) and higher sensitivity (solid-red line) than the corresponding 

CV. A symmetric and well-define DPV peak at about 250 mV vs Ag/AgCl clearly indicates a 

stable homogeneous surface of fabricated AuE, fit for the electrochemical analysis of other 

electroactive species. However, in absence of redox species (Fig. 3b solid-blue line) between the 

Faradaic potential window, a negligible Faradaic current was observed, which also provides strong 

evidence against the purity of recycled gold material from the jewellery scrap gold following the 

aqua regia process. After a keen analysis of both the CV and DPV graph obtained at AuE in 0.1 

M KCl solution (solid-blue line) it is clear that there is a tiny peak within the Faradaic region, may 

be due to the presence of trace amount of unknown impurity, which can be ignored considering 

the lowest limit of the significant response calculated from the signal-to-noise ratio.          

3.3 Electrochemical Impedance Spectroscopy (EIS) 
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To characterize the fabricated gold electrode surface, the electrochemical charge transfer 

properties of the surfaces have been examined by EIS as illustrated in Fig. 3c, where the solid blue-

line represents the EIS spectra as Nyquist plots at the bare AuE in 0.1 M KCl electrolyte in absence 

of redox species, while the solid red-curve illustrates the same plots at the same electrode surface 

but in presence of redox analytes, [Fe(CN)6]
3-/4-. The EIS analysis data clearly indicates that the 

fabricated electrode is satisfactorily competent to response the redox species through the 

heterogeneous charge transfer process. The semicircle diameter of EIS (solid line-red) equals the 

electron transfer resistance (Rct), which controls the electrode kinetics and contains information on 

the electron transfer kinetics of the redox species at the electrode-solution interface [17, 49]. A 

simplified electrical equivalent circuit consisted of the solution resistance (Rs), charge transfer 

resistance (Rct), and electrochemical double layer capacitance (Cdl) has been shown at the inset of 

the Fig. 3c, which also comply with all the characteristic features of a typical EIS spectra for the 

electroactive analyte.   

3.4 Electrocatalytic performance 

In order to evaluate the electrocatalytic activity of the fabricated electrode (AuE) the 

electrochemical measurements were conducted after modification of the bare AuE surface with 

Au NPs and taking into consideration the response towards the [Fe(CN)6]
4-/3- redox couples. The 

investigation results and experimental data have been summarized in Fig. 4a, b, c and Table 2. The 

comparative CV curves (as shown in Fig. 4a) illustrate that the modified AuNP/AuE shows 

electrocatalytic behavior in presence of redox species with dominating electrocatalytic reduction 

over the electrocatalytic oxidation 

Moreover, the corresponding DPV curves (Fig. 4b) also corroborated with the CV data, but the 

electrocatalytic sensitivity in DPV was significantly more than the CV, may be due to the inherent 

limitation of CV technique over DPV regarding the sensitivity. The similar DPV peak position 

after and before the modification of AuE surface also supports the high purity of the fabricated 

AuE with homogeneous surface structure. The heterogeneous charge transfer rate constant (ko ) for 

both bare AuE and modified AuNP/AuE has been calculated using the following equation:     

                                                io = nFAkoC*                                                       (2) 

where, n = the number of electrons transferred, F = the Faraday constant (96,584 C mol -1), R = 

the gas constant (8.314 j mol -1 K-1), T = the reaction temperature (298 K), io = the standard 
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exchange current (A) = (ipc -ipa ), A = the geometric surface area of the electrode (0.1256 cm2), ko 

= the heterogeneous charge transfer rate constant (cm s-1), and C* = the concentration of [K4Fe 

(CN)6] solution (0.01M).                     

Table 2: Current-potential data, peak current ratio, and peak separation potential calculated from the 

voltammograms of K4[Fe (CN)6] at ambient temperature on Au NPs modified fabricated gold electrode 

surface vs Ag/AgCl RE 

Scan 

rate, 

 

ν 

(Vs-1) 

log ν 

 

 

 

(-) 

 

SQRT       

of 

Scan rate, 

 

ν1/2 

 

Conc, 

 

C 

(mM) 

Cathc 

peak 

potenl, 

Epc 

(V) 

 

Cathc 

peak 

current, 

ipc 

(A)x 

104 

(-) 

Anodc 

Peak 

Potenl, 

 

Epa 

(V) 

Anodc 

Peak 

current, 

ipa 

(A)x 

104 

 

Peak 

current 

Ratio, 

 

ipa/ipc 

Peak 

separatio

n 

potential, 

 

ΔE = 

(Epa-Epc) 

(V) 

Formal 

Potenl, 

 

Eo = 

(Epc+Epa)/

2 

(V) 

Over 

Potenl, 

ɳ 

(Epc- 

Eo) 

(mV) 

(-) 

 

0.050 1.3 0.2236 10 0.2492 1.2728 0.3664 1.8670 1.46 0.1172 0.3078 0.0586 

0.100 1.0 0.3162 10 0.2419 1.8176 0.3737 2.5952 1.42 0.1318 0.3078 0.0659 

0.200 0.7 0.4472 10 0.2296 2.4802 0.3883 3.5449 1.43 0.1587 0.3089 0.0793 

0.300 0.5 0.5477 10 0.2199 2.9642 0.3981 4.2425 1.43 0.1782 0.3090 0.0891 

0.400 0.4 0.6324 10 0.2149 3.3560 0.4054 4.8178 1.43 0.1905 0.3101 0.0952 

0.500 0.3 0.7071 10 0.2125 3.6895 0.4142 5.3527 1.45 0.2017 0.3133 0.1008 

Square root = SQRT, Conc = Concentration, Cathc= Cathodic, Potenl = Potential, Anodc = Anodic, RE = Reference electrode                                     

The values of io for the bare AuE and modified AuNP/AuE were calculate as 3.239 x10-4 A and 

4.4128x10-4 A, and the corresponding ko values were found as 2.67 x10-6 and 3.64 x10-6 cm s-1, 

respectively. The larger values of io and ko for the Au NPs modified fabricated gold electrode in 

comparison with the bare AuE strongly supports the electrocatalytic activity caused by the 

conducting high surface area Au NPs amplified the electron transfer rate of the [K4Fe (CN)6] redox 

species through the electrode-solution interface. In order to verify the stability of the modified 

electrode surface, a series of CVs were run at different scan rates between the wider choice of scan 

rates starting from 50 mVs-1 to 500 mVs-1 as demonstrated in Fig. 4c, which shows a stable 

modified electrode surface. The tabulated electrochemical data as depicted in Table 2 for the 

modified electrode also shows excellent consistency in terms of the ratio of peak currents (ipa/ipc), 

peak separation potential (ΔE), formal potential (Eo) and over potential (ɳ) at different scan rates 

if we compare with the data (Table 1) obtained from the corresponding bare gold electrode. The 

peak current ratio remains almost constant at around 1.4366+0.0105, which implies quasireversible 

electron-transfer process like the bare AuE. An increasing trend in peak separation potential (from 
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0.1172 V to 0.2017 V) was also found in the modified gold electrode (like bare AuE), increasing 

scan rates from 50 mVs-1 to 500 mVs-1, respectively. The formal potential obtained for the 

AuNP/AuE was found as 0.3095+0.0066V, which is higher than the bare electrode, while a lower 

trend was revealed in overpotential values (58.5 mV to 100.8 mV) throughout the same scan rates, 

may be due to the electrode surface modification with Au NPs. The significantly lower values of 

over potential at various scan rates after modification clearly indicate the electrocatalytic activity 

of the modified gold electrode surface [50]. Moreover, the R-S plot for the modified AuNP/AuE 

(as shown in the inset of Fig. 4c) at the same different scan rates satisfies the validity of the R-S 

equation for the modified electrode because with the increase of charging current both the 

oxidation and reduction peak current increases linearly as the rate of diffusion increase [33, 40].     

 
Fig. 4: Electrocatalytic performance of fabricated gold electrode surface after modification with AuNPs: comparison 

of (a) CV and (b) DPV in 10 mM [K4Fe(CN)6] at fabricated bare AuE (solid line-black) and AuNPs modified 

AuE(solid line-red) vs Ag/AgCl reference electrode (RE) at 100 mV s-1, (c) the effect of scan rate (mVs-1) on the 

cathodic and anodic peak current ( (ipa and ipa, respectively ) including  the corresponding Randless-Sevcick Plots: the 

variation of cathodic peak current and anodic peak current with SQRT of scan rate on the same electrode (AuNP/AuE) 

vs Ag/AgCl RE, (d) the reproducibility of the AuNPs modified fabricated gold electrode surface for the consecutive 

5 measurements in 10 mM [K4Fe(CN)6] at scan rate 100 mVs-1.   

(a) (b) (c) 

i
pa

 

i
pc

 

(d) 

M = Measurement, RSD = Relative 
standard deviation, ipa = Anodic peak  

current, ipc = Cathodic peak current  

Table 3: RSD for ipa and ipc  
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Furthermore, to check the reproducibility of the modified AuNPs/AuE electrode, we have 

conducted 5 consecutive CV measurements in presence of redox analytes as illustrated in Fig. 4d. 

We also calculated the RSD (%) values for both the ipa and ipc as tabulated in Table 3. The RSD 

for ipc and ipa was found as 0.01% and 1.92%, respectively, which is highly satisfactory to build 

electrochemical sensors devices using the fabricated AuE. 

4. Conclusions 

The aqua regia process for recovering gold from jewellery scrap gold is a suitable, simple, and 

low-cost method. The cost of the fabricated gold electrode developed from recycled gold would 

be many times (about 20 times) lower than the commercial gold electrode. The CV, DPV and EIS 

electrochemical studies of the fabricated gold electrodes (both bare and modified) shows the quasi-

reversible heterogeneous charge transfer reaction through the electrode-solution interface in the 

presence of redox species. The interfacial electron transfer rate constant is calculated as 2.67 x10-

6 and 3.64 x10-6 cm s-1 for the bare and modified electrode, respectfully, which reveals the 

electrocatalytic behavior of the modified electrode in presence of the [Fe(CN)6]
4-/3- redox species. 

The modified electrode surface also displayed excellent reproducibility (RSD of less than 2%) to 

the electroactive species.  The analysis data associated with the CV, DPV and EIS characterization 

for the fabricated gold electrode surface infer that the established AuE from recycled gold satisfies 

all the requirements of a typical gold electrode. The electrochemical performance studies of the 

modified gold electrode surface also confer the suitability of the fabricated electrode for the 

development of electrochemical sensors devices. The drawback during the fabrication of gold 

electrode is the use of N2 gas to be maintained at the fabrication of the copper-gold junction upon 

heating to prevent the oxidation of copper at high temperature. Moreover, the use of high-grade 

scrap gold would be relatively expensive as compared to the recycling of gold from low-grade 

gold resources such as electronic wastage. Therefore, those drawbacks will be overcome in our 

future work with low-grade scrap gold. However, this investigation would introduce a platform 

for electrochemists (especially those from the least developed countries), who cannot afford to buy 

the highly expensive commercially available gold electrode from the market. This research 

knowledge would provide them an alternative way to fabricate a less expensive gold electrode to 

overcome the research barriers associated with their routine electroanalysis.  
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