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ABSTRACT 

The presented work shows the development of a performing electrochemical sensor using 

self-organized gold nanoparticle (Au NP) modified HOPG electrode. Au NPs were 

functionalized with bisphosphonate-thiol receptors (BP-thiol) whose interactions with Au NP 

surface were investigated by XPS and FTIR-ATR experiments. It has been shown that the 

electrochemical stability of modified electrodes increases at potentials higher than -1.3 eV 

corresponding to the thiol reduction potential. In order to demonstrate the sensing 

performance of the prepared electrode the electrochemical analysis of copper and silver metal 

ions was achieved by using square wave voltammetry (SWV). The obtained results show a 

remarkable performance increase in terms of: the simple fabrication, simple use, and linear 

behaviour over the concentration range from 5 µM to 0.5 mM, with the detection limit of 5 

µM.     
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1. Introduction 

The environment and the human health are endangered by the toxicity of some compounds 

and elements at very low concentration. Heavy metal ions such as Cadmium, Mercury, Cu 

etc. have been a major concern throughout the world for several decades. Based mainly on 

possible health risks and contact over a lifetime with an adequate margin of safety, the 

amount of copper in water for example must be maintained at a concentration of lower than 

1.3mg/L (2.05 10-5 mol L-1) [1]. Drinking contaminated water over a short time causes 

gastrointestinal distress [2]. The regulation requires on one hand a technical treatment to 

improve the level of technological performance of household plumbing systems against 

contamination from materials corrosion and on the other hand the development of an efficient 

sensing system for detection.   

 However, the development of sensing with high sensitivity has become highly desirable. In 

this context the use of NPs for new electrode material design is one of the most exciting 

approaches. Their small size gives them a high surface to volume ratio, which is one of a 

desired property to construct novel and improved sensing devices [3]. However, 

nanomaterials have been used to modify metal, glass or carbon in connection with 

electrochemical [4-17] sensing. Furthermore, the transduction methods based on the 

electrochemical techniques have optimized conditions for observing and controlling reactions 

on microsurfaces and nanosurfaces using miniaturized, portable devices [3-16]. Most of the 

published works, dealing with electrochemical nanosensors, use electrochemistry process for 

surface nanopatterning. Usually, this process achieves disordered and/or low density surface 
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structures, because of the preferential nucleation at crystalline defects and step edges of the 

electrode surface [9-16, 18]. As a consequence of this non accurate control of the electrode 

surface nanopatterning, it is difficult to control the corresponding specific surface and 

properties. So far the published works, dealing with the self assembly technique to achieve 

surface nanopatterning, use surface charged nanoparticles. In this case, the monolayer 

compactness depends on the nanoparticles size [19] and surface charge. The electrostatic 

repulsion, between charged nanoparticles, prevents close contact with each other; which in 

turn reduces the nanoparticles monolayer density. Nanoparticle films for nanotechnological 

applications such as sensing require, beyond financial aspect, the development of controlled 

deposition technique (electrode specific surface).  However, optimization of sensing material 

efficiency is a balancing act in which chemical composition and material structure must be 

taken into account. It is well established that the properties of nanoparticle films in terms of 

density and structure depend strongly on the used deposition techniques [18]. In utilizing the 

self assembly technique for nanotechnology devices, one of the important advantages is to 

distribute nanoparticles uniformly on the substrate with accurate control of density, through 

the tuning of their concentration, [18] which is a difficult task at the nanometre scale. 

Furthermore, modification of the electrode surface with self assembled nanoparticles enables 

to design electrode surface with enhanced specific surface and redox current [20]. In addition, 

nanomaterials such as Au NPs modifying the HOPG electrode provides the benefit of 

activating the inhibited sites of terraces basal plane, but have the disadvantage of increasing 

the energetic barrier for electron transfer between the underlying HOPG electrode and Au 

NPs due to the Au NPs capping ligands. In previous work, we estimated the electron transfer 

constant of ferrocyanide oxidation, on bare HOPG and Au NPs modified HOPG electrodes, to 

be as 1.5 x 10-3 cm s-1 and 0.12 x 10 -3 cm s-1. [21-22]  
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Additionally, it is reported that the metal deposition starts at a more positive potential on bare 

HOPG than on Au NP modified HOPG and that the reduction current is lowered for the Au 

NP-modified HOPG electrode compared to that for a bare HOPG electrode. These results 

were attributed to the presence of an n-dodecanethiol layer on Au NPs, which enhance the 

energetic barrier between the underlying HOPG electrode and Au NPs for the metal ions’ 

reduction [21]. However, this barrier effect of AuNPs is counterbalanced partly by its electro 

catalytic effect on the inhibited sites of terraces basal plane of HOPG electrode. 

The approach adopted in the present work for creating patterned electrode, by using 

nanoparticles self-assembly, offers many advantages over other methods. First, the 

nanoparticles are synthesized prior to their deposition, which allows precise control of their 

size and their packing to maximize the density of their assembly. Furthermore, under the 

synthesis conditions, the nanoparticles are stable and aggregation is avoided, which increases 

the preparation reproducibility. This method enables high flexibility for sensing device 

fabrication.      

In this work, we describe for the first time an easy fabrication and use of electrochemical 

sensors, using controlled closely dense self-organized Au NP modified electrode and BP-thiol 

molecules as receptors. Additionally, it has been shown that the electrochemical stability of 

modified electrodes increases at potentials higher than -1.3 eV corresponding to the thiol 

reduction potential. Furthermore, the properties of the electrochemical sensor were 

investigated by square wave cyclic voltammetry (SWV). We show very easy fabrication, easy 

use, controlled properties and sensitive detection of Cu2+ and Ag+ metal ions. To date, few 

approaches for the fabrication of nanosenors using nanoelectrodes array with reproducible 

dimension and repeatable measurements have been reported.        
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2. Experimental 

Metal detection is achieved using a conventional three electrode electrochemical 

configuration. The reference and counter electrodes were Ag/AgCl and a platinum sheet 

respectively. As a working electrode we used a clean (0001) highly oriented pyrolytic 

graphite (HOPG) surface which is produced through a cleaving process. The modified HOPG 

electrode is prepared by depositing a droplet of Au NP solution on the HOPG surface. The 

area in contact with the solution is fixed at 9 mm2 with the help of scotch tape. For metal 

detection an aqueous solution of 10-1 M KNO3 and different concentrations of metal salts 

(CuSO4) and/or (AgNO3) were used. By serial dilution, the concentration of copper and/or 

silver solution was tuned from 10-2 to 10-7 M. Copper sulphate, silver nitrate, potassium nitrate 

and n-dodecanethiol are obtained from Fluka whereas (2-((2-mercaptoethyl)thio)ethane-1,1-

diyl)diphosphonic acid ((H2O3P)2CHS(CH)3SH, BP-thiol) molecules are obtained from 

Surfactis technologies. Water used in the preparation of the electrolyte solution was purified 

by Milli Q System (Millipore, electric resistivity 18.2 MΩ.cm). All measurements were 

carried out at room temperature.  

The 6 nm and 2 nm Au NPs coated with n-dodecanethiol and dispersed in toluene are 

synthesized by the well known Stucky approach [23], which consists of the chemical reduction 

of chlorotriphenylphosphine by a ter-butylamine borane complex. The synthesis is achieved 

in the air by mixing two solutions. The first solution is prepared by adding 0.125ml of 

dodecanethiol (capping agent) to 0.25mmol of chlorotriphenylphosphine in 20ml of benzene, 

whereas the second is constituted by 2.5 mmol of ter-butylamine borane complex in 20ml of 

benzene. The mixed solutions were stirred and heated at a temperature of 55°C during 60min. 

The color of the solution during this process changes gradually from uncolored to a purple-red 

solution. For 2 nm Au NPs, the synthesis is achieved by mixing two solutions. A 2mmol of 

chlorotriphenylphosphine is mixed with 1.2ml of dodecanethiol in 50 ml of chloroform to 
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prepare the first solution. The second solution is prepared by adding 0.02mol of ter-

butylamine borane complex in a mixture of solvents including chloroform (50ml) and ethanol 

(20ml). The two solutions are mixed and stirred at room temperature for one day to ensure the 

reaction completion.  

Synthesized Au NPs present a narrow size distribution of around 6%. By depositing a 

droplet of Au NP solution (1.2 10-7 M calculated quantitatively from UV-vis spectra using 

Beer's law [24-25]) on a HOPG electrode, the nanoparticles are organized in a 2D hexagonal 

structure. The functionalization of self-organized Au NPs modified HOPG electrode is 

achieved by immersing the electrode into an aqueous solution of BP-thiol with a 

concentration of 10-2 M for 20 hours.    

The electrochemical measurements (square wave voltammetry (SWV)) are performed with 

a Voltalab PGZ301 potentiostat and carried out at room temperature. The used parameters of 

the SWV experiments were as follows: Ebegin= -0.6V, Eend= 0.6, ∆E=50mV, Es=2mV, teq=5s. 

Morphology of the self-assembled Au NPs on the HOPG electrode is characterized using a 

transmission electron microscope (JEOL 100CX) operated at 100 kV. The transmission 

electron microscope (TEM) grids are prepared by sticking a thick leaf of cleaved graphite on 

bare copper grids (without carbon film). By repeating the cleaving process a thinner slices of 

transparent HOPG for TEM measurements are obtained. The HOPG cleaving is performed 

with the help of scotch tape. A piece of tape is pressed onto the surface of HOPG and after 

pulling it off, the tape takes with it a thin layer of HOPG. The morphological investigations of 

the self-assembled Au NPs monolayer on the HOPG electrode were achieved also with a 

high-resolution Ultra 55 Zeiss FEG scanning electron microscope (FEGSEM) operating at an 

acceleration voltage of 10 kV. 
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The chemical composition of the samples is determined by X-ray photoelectron 

spectroscopy (XPS) and the measurements are performed on a thermo VG Scientific 

ESCALAB 250 system fitted with a microfocused, monochromatic Al Kα X-ray source (hυ = 

1486.6 eV; spot size 650 µm, power=15 kV x 200 W). 

Fourier transform infrared in attenuated total reflectance mode (FTIR-ATR) experiments 

were conducted with a dry-air-purged Thermo Scientific Nicolet 6700 FTIR equipped with a 

Mercury Cadmium Telluride (MCT) detector. Spectral resolution was 4 cm–1, and spectra 

were averaged from 256 scans. The ATR accessory is a horizontal ZnSe crystal coated with 

diamond (A = 2.54 mm2) with single reflection and an angle of incidence of 45° (Smart 

MIRacle ATR accessory from PIKE Technologies company). For data reprocessing, OMNIC 

software was used. 

 

3. Results and discussion 

The fabrication of a sensor electrode is achieved through two steps: modification of the 

HOPG electrode with self-organized Au NPs and functionalization of the Au NPs surface 

with BP-thiol molecules. The modified HOPG electrode is prepared through the deposition of 

a droplet of Au NP solution on the HOPG surface, which then self-organizes as a hexagonal 

structure (Fig. 1). It has been shown that the NP’ size, shape and surfactant shell are the main 

parameters determining the structure formed in the self-assembly process [26-33]. Thus for 

ordered close-packed nanoparticle arrays with long range, from a few to several tens of 

microns, both with a narrow size distribution, uniform morphology and adequate capping 

ligand surface coverage are required [26-33]. However, the packing arrangements and the 

densities of the NPs depend on their radius and the ligand length [27, 29, 31]. Different 

lengths of alkylthiol ligand have been used to stabilize Au NPs [31]. An adequate choice of 
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nanoparticle capping ligands is necessary, because it plays different roles: [31-33] (i) it 

prevents coalescence between nanoparticles, (ii) it fixes the distance between nanoparticles 

and (iii) it acts as a lubricating agent between nanoparticles and electrode surface; which 

favours nanoparticles diffusion to form a well-organized arrangement over a long distance. 

In our case the optimum conditions for the formation of a close 2D hexagonal array, with 

high degree and long range ordering respecting the arguments mentioned above, are obtained 

using n-dodecanethiols (C12SH). The long range ordering depends also on the concentration 

of NP solution before deposition, and is crucial for surface nanostructuring and development 

of sensing applications.  

 The structural parameters of the organized arrays of C12SH -capped Au NPs depend on the 

configuration of the C12SH alkyl chain. The calculated value of the C12SH length tail from the 

Bain equation [32] is found to be equal to 1.77 nm, which is in good agreement with the inter-

NPs distance obtained from TEM experiments ranging from 1.8 to 2 nm (Fig1). This result 

suggests the intercalation or interpenetration of individual or domains of chains along the 

directions of neighboring Au NPs to form more compact bundles than the alkyl groups on the 

top of the nanoparticles (insert Fig. 1). Assuming the inter-NP distance is equal to 1.8 nm and 

hexagonal packing structure, the HOPG surface coverage of 2.8 x 1012 NPs cm-2 is expected.  

Another role of the nanoparticles capping ligands, not mentioned above and discussed 

below, is the nanoparticles adhesion to the electrode surface, when it is immersed into 

aqueous solution. In order to minimize hydrophobic interaction of dodecanethiol molecules 

with the electrolyte, it does probably diffuse to a region between nanoparticles leaving the top 

surface of the nanoparticules, free of thiols and in contact with the solution [18]. These 

dodecanethiol molecules form a dense interpenetrating chain region between nanoparticles 

(insert Fig. 1); which in one hand do ensure mechanical stability of the self-assembled 
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structure [34], and in the other hand do act as an isolating hydrophobic region which ensures 

nanoparticles adhesion to the electrode surface. Furthermore, even though these ligands 

favour nanopartiticle adhesion, they reduce drastically their surface in contact with the 

solution. Modified electrodes with dodecanethiol coated nanoparticles were tested in different 

conditions of temperature and immersion time and they have shown stable behaviour [35]. 

 

The stability of modified electrodes with dodecanethiol functionalized nanoparticles 

coating was demonstrated to depend on the thiol adsorption strength on Au nanoparticles. It is 

well known that sulphur group manifests strong affinity to metal surface with predominantly 

covalent bounding and scarcely polar bounding [36-37]. In fact, the thiol adsorption rate is 

strongly influenced by various parameters such as the applied potential [37], the temperature 

[39], the substrate surface and the electrolyte nature and concentration. However, it is well 

established that the thiol adsorption is favoured by slightly positive potential around the open 

circuit one, whereas negative potential accelerates thiol desorption [38].  

     To select the applied potential for our experiments, cyclic voltammetry measurements 

in different conditions of applied potential and immersion time were tested. It could be 

observed from Figure 2 that the reductive desorption of dodecanethiol starts at potential of -

1.1V with a reductive desorption peak at -1.3V for the first sweep [40]. A small reductive 

desorption peak is observed for other sweeps, which is attributed to desorption of 

dodecanethiol adsorbed when the potential is above -1.1V.   

To check more the stability of modified electrodes, FEGSEM characterizations were 

achieved. The obtained results are presented in Figure 3. The FEGSEM images correspond to 

modified electrodes with dodecanethiol functionalized nanoparticles coating and polarized 

under different potentials -0.7V, -1V and -1.4V for 1200s. Clearly, it could be observed that 
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when the applied potential is shifted to more negative ones (Fig 3(a) and (b)), the nanoparticle 

rate coverage decreases. In fact, hole defects appear in the nanoparticles monolayer, which 

size and density increase with the potential shifts to the negative region (Fig 3(a) and (b)). For 

high negative potential around -1.4V (Fig.3(c)), it has been observed that the rate coverage of 

the electrode is considerably reduced and Au NPs coalescence takes place. These outcomes 

are a consequence of reductive desorption of dodecanethiol from Au NPs surface, which 

induces their detachment from the electrode surface and their diffusion into the bulk solution 

for some of them, and for others when they get into contact they coalesce.  As it should be 

observed from Figure 2, the reduction desorption of dodecanethiol depends also on the Au NP 

size. For small Au NPs of 2nm, desorption potential is shifted to more positive potentials. 

This should prone different desorption kinetics, which in turn favours different dodecanethiol 

rate coverages at a given potential depending on the nanoparticles size. At given applied 

potential within the negative range, a small nanoparticle will coalesce first leaving the larger 

nanoparticles to coalesce in later stage, which explain different nanomaterial size observed in 

Figure 3(c). 

In a previous published work by using cyclic voltammetry at temperature lower than 82°C 

which is the thiol desorption temperature [35], it is demonstrated that after 50 repetitive 

sweeps at a scan rate of 100mV/s the peak current intensity and position of silver oxidation 

and reduction keep the same value. This indicates that the Au NPs modified electrode has 

good electrochemical properties and that the Au NPs act as the electron mediators and favor 

electron transfer between the metal ion and the electrode. These results are completed and 

confirmed by the present experiments.  

Au NPs functionalization with BP-thiol molecules was achieved by soaking the Au NPs 

modified HOPG electrode in a 10-2 M BP-thiol solution for 20 hours. BP-thiol molecules 

could get attached to the Au NPs’ surface through the thiol group [26-33] or phosphonate 
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groups [41-45] in a competitive manner. To confirm one of the scenarios, the XPS analyses 

have been performed. It should be noted that on the XPS spectrum obtained after 

functionalization (Fig. 4a) a phosphorus signal appears (curve in green, Fig. 4a), whereas it is 

absent in the spectrum before functionalization (curve in black, Fig. 4a), corresponding to the 

signature of BP-thiol ligands’ fixation on Au NPs surface. It is interesting to see that after 

immersing modified electrode in a metal solution (curve in blue, Fig. 4b) and performing the 

SWV experiments (curve in red, Fig. 4b) a new peak appears at around 168.2 eV as a 

consequence of Cu2+ ions interaction with the electrode. This new peak is well known to 

correspond to oxidized thiol (R-SO3
-, R-SO4

-) and has been observed with thiol bonding to 

silver or copper [18, 46-48]. Furthermore in the case of copper, this oxidation is well known 

to be accompanied by the reduction of Cu 2+ either to the Cu+ or Cu0 (metallic copper) 

oxidation state, which manifests the same XPS spectra [49]. Additionally, just after Au NPs 

functionalization with BP-thiol molecules, this peak at around 168.2 eV is absent (curve in 

red, Fig4b), whereas the peak at around 163,8eV corresponding to unbounded thiol is intense. 

It should be noted that the signal corresponding to the S2p orbital is typical of the one 

observed for metal covered by SAM, and can be fitted by two doublet components located at 

around 162.6 eV and 165 eV [50-51]. The first component located at 162.6 eV is assigned to 

adsorbed dodecanethiol molecules on Au NPs surface, while the second component located at 

165 eV is attributed to free thiol molecules. This is in accordance with the fact that the HOPG 

electrode is modified by Au NPs covered with dodecanethiol and BP-thiol molecules. The 

radiation damage during XPS experiments on dodecanethiols capped Au NPs, results in 

dodecanethiol desorption but not the formation of adherent oxidized thiols on Au NPs [52-

53]. However, the analysis of the two peaks of S2p was unable to distinguish between thiol 

groups belonging to BP-thiol and dodecanethiol molecules.  
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After the immersion of the modified electrode into Cu and/or Ag ions solution, the 

characteristic peaks of Cu2p, Ag3d (Fig 5(a) and (b)) and oxidized forms of thiols (Fig. 4(b), 

blue curve) do appear. This peak remain after SWV measurement and show a good similarity 

with the one observed from the Cu NPs coated with n- dodecanethiol [46-48], which 

undoubtedly prone the complexation of thiol head group with Cu2+ ions. One plausible 

explanation to these XPS results is that the S is bound to Cu and this thiol get oxidized in later 

stage as manifested by the appearance of oxidized thiol peak. 

Furthermore, the XPS signal corresponding to P2p core level remains constant after 

immersing the electrode in Cu solution (curve in blue) and after SWV experiments (curve in 

red) (Fig. 4a), which means that the phosphonate group keeps the same chemical 

environment. However, one explanation for these results is that the thiol group is bound to Cu 

and evolves toward oxidized thiol in the later stage as previously observed by different 

authors [18, 46-48]. These results demonstrate thiol interaction with Cu2+ ions in solution, and 

suggest the fact that the phosphate groups bond to the Au NP surface.    

Further evidence of phosphonate group interaction with Au NPs surface, is provided by FTIR-

ATR experiments. By comparison with the solution spectra, it appears that both peaks located 

at 1060 cm–1 and 1170 cm–1 are slightly shifted by around 25 cm–1and that there is an increase 

of the half band width (fwhm) when BP-thiol is interacted with Au NPs surface (Fig. 6), 

meaning that the chemical environment of BP-thiol molecules changed after the interaction 

with Au NPs. Generally, when species are adsorbed onto solid surface as an inner-sphere 

complex, the symmetry is reduced in comparison with the free species, leading to 

characteristic changes in the IR spectra [54]. Therefore, the observed IR signal can be 

interpreted as strong interaction of BP-thiol molecules with Au NP surface. 
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For the free BP-thiol molecules (red line), decomposition of band between 900 to 1300cm-1, 

corresponds to the P-O stretching vibration. The peaks located at 1170 and 920cm-1 

correspond to P=O and P-OH respectively [55], whereas the one located at 1060 is assigned to 

the vibrational mode for the PO3 group [56]. Furthermore, the peaks between 1400 and 1500 

cm-1 correspond to C-H vibration modes. The location of these peaks is similar to those 

obtained with free bisphosphonate functional group on Au NP [57]. 

After socking the Au NP modified HOPG electrode into BP-thiol solution and washing it with 

deionized water to remove none adsorbed molecules, the FTIR spectra show large changes 

within P-O stretching region (900-1250cm-1). These results are a signature of the interaction 

between the phosphonate group of BP-thiol molecules and Au NP surface, which result in 

binding formation between the phosphonate groups and Au atoms within Au NP surface.  In 

fact, the phosphonate group can bond to Au NP surface as a hydrogen bond donor through the 

P-OH group and/or as acceptor via P=O oxygen [58]. Different changes observed after 

phosphonate group bonding to Au NP surface are consistent with the results of previous 

published works by Fiurasek et al. [57].  

For metal accumulation, the functionalized self-organized Au NPs modified HOPG 

electrode was immersed in a solution containing metal salt with different concentrations at an 

open circuit potential for 10 min. After removal of the electrode from the metal ion solution, it 

is rinsed with ionised water and then immersed in a metal free solution for electrochemical 

measurements using SWV technique, which is more sensitive than cyclic voltammetry [59]. 

For Au NPs without BP-thiol ligands, no current peak is observed under the same conditions 

(Fig.7). Furthermore, for BP-thiol functionalized electrode it can be observed that in the 

potential region of -0.4 to +0.6 V there is a SWV peak, which intensity depends on the Cu2+ 

(Fig. 8a) concentration. This indicates that there is no interaction between Cu2+ ions and the 

Au NP surface and that the appearance of the SWV peak is ascribed to the interaction 
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between BP-thiol ligands and Cu2+ ions. In the absence of accumulated metal no current 

response is observed (Fig. 8a), which confirms that the redox peaks are due to the oxidation 

and reduction of accumulated metal from the metal solution.  

To examine the selectivity of functionalized Au NPs modified HOPG electrode, the 

voltammograms of Co2+ and Ni2+ metal ions were analyzed. The results show no discernible 

peak, which indicates a weak interaction between the functionalized Au NPs modified HOPG 

electrode and these metal ions. This behavior could be explained by the higher interaction of 

thiol with copper [48]. To confirm this hypothesis, prepared sensors were used to detect 

silvers ions. The results are depicted in Figure 8(b) which show an efficient detection toward 

silver ions. The attempt to detect other metals than Ag+ and Cu2+, which have a weak 

interaction with thiol has been not successful. This is chiefly due to the weak interaction 

between sulfur and other metals [60]. These results demonstrate that the prepared system is 

efficient to detect metal ions, which have strong interaction with thiol such as Ag+ and Cu2+ 

ions at low concentrations. In addition, the selectivity toward each metal ion is achieved by 

the fact that each metal ion has a defined redox potential. Furthermore, from Fig. 8 it could be 

observed that this sensor system enables multiple metal ions detection. It had high sensitivity 

toward Ag + ions which is five time that of Cu 2+ ions.  

Insert of Figs. 8a, 8b and 9 shows the calibration curve corresponding to functionalized Au 

NPs modified HOPG electrode. It should be noted a linear relationship between the current 

response and metal ions concentration within the range of 5 x 10-6 M and 5 x 10-2 M, with the 

detection limit of 5 µM.  

Furthermore, the capture and delivery of the copper ion could be achieved only by tuning the 

potential. The regeneration of the prepared electrode is performed easily by applying positive 

potential of 0.4 V over 600s to oxidize deposited copper. The main limitation of the electrode 
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repeatability is the receptor molecules desorption on the surface of Au nanoparticles modified 

HOPG.  This depends on the temperature and the applied potential as mentioned in the first 

part of the discussion section. 

 

4. Conclusion 

The reported results demonstrate for the first time the potential of BP-thiol ligands 

functionalized self organized Au NPs modified HOPG electrode to be used as a sensor for 

Ag+ and Cu2+ ions detection. However, the considered system could be extended to detect 

other metal ions which have strong interactions with thiol group. The prepared electrode for 

sensing applications showed high performance in terms of ease of fabrication and use, low 

cost and linear behaviour over the concentration range from 5 µM and 0.5 mM, with the 

detection limit of 5 µM. The selectivity was demonstrated to be toward metal ions with strong 

interaction with thiol group such as Ag+ and Cu2+ ions. However, closely dense self-

assembled Au NPs platforms have a promising future in the design of electrochemical sensor 

applications with controlled properties. Different published works using Au NPs showed that 

it is possible to detect various chemical species [3, 7-8, 10, 61-63], by using a convenient 

receptors. Based on these works, it is expected that this principle can be directed toward other 

transcription factors by simply changing the recognition sequence. The present 

electrochemical sensors provide the advantage of enabling multi ions detection but suffer 

from weak selectivity toward a given ion. In fact, the selective detection efficiency is based on 

a specific interaction between the receptor and targeted species to detect in a given 

environment. For example, to improve the selectivity of prepared sensor platform toward 

copper ion detection, a cyclam molecules could be a convenient receptor. Different recent 

works reported the efficiency of this receptor to detect specifically copper ions [64-66]. 
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Figure captions 

Fig. 1: TEM image of self-organized Au NPs in a 2D hexagonal structure, (a) Au NPs of 6nm 

and the inserts is the schematic illustration of the hexagonal structure of the Au NPs 

monolayer showing dense bundles of C12SH ligands between NPs (b) a magnification of Au 

NPs of 6 nm and (c) self-organized 2 nm Au NPs in a 2D hexagonal structure.   

 

Fig. 2: Voltammogram of modified HOPG electrode with self assembles Au NPs monolayer 

in the electrolyte aqueous solution of 10-1 M KNO3 at different indicated potentials and 

immersion time of 1200s. 

 

Fig. 3: FEGSEM images of modified HOPG electrode with self assembles Au NPs monolayer 

at different indicated potentials and immersion time of 1200s. 

 

Fig. 4: High resolution XPS spectra of P2p core level in the following situations (a): Au NP-

modified HOPG without BP-thiol functionalization (black curve), after BP-thiol 
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functionalization (green curve), after electrode immersion into Cu ions solution (red curve) 

and after SWV measurements (blue curve). (b) Spectra of S2p core level in the following 

situations: Au NP-modified HOPG after BP-thiol functionalization (red curve), after electrode 

immersion into Cu ions solution (blue curve) and after SWV measurements (green curve). 

 

Fig. 5: High resolution XPS spectra of Ag3d (a) and Cu2p (b) after BP-thiol functionalized 

electrode immersion in Cu2+ (a) or Ag+ (b) solution and SWV experiments. 

 

Fig.6: ATR-FTIR spectra of BP-thiol (free ligand, red line) and after the interaction with Au 

NPs (blue line).  

 

Fig.7: SWV voltammograms of Au NP-modified HOPG electrode without BP-thiol 

functionalization, recorded with a scan rate of 10 mV s-1, in aqueous solution of KNO3 (10-

1M) free of Cu2+ and Ag+ and after immersion in Ag+ and Cu2+ solution of indicated 

concentration.  

 

Fig.8: SWV peaks of an Au NP-modified HOPG electrode with BP-thiol functionalization, 

recorded with a scan rate of 10 mV s-1. (a) In aqueous solution of KNO3 (10-1M) free of Cu2+ 

and after immersion in Cu2+ solution of indicated concentration. The inserts show high 

magnification of indicated zone and plot of SWV peaks current versus Cu2+ solution 

concentration. (b) The same experiments with Ag+ solution. The inserts are plots of SWV 

peaks current versus Ag+ solution concentration and magnification of indicated zone. 
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Fig.9: SWV voltammograms of an Au NP-modified HOPG electrode with BP-thiol 

functionalization, recorded with a scan rate of 10 mV s-1. (a) In aqueous solution of KNO3 

(10-1M) free of Cu2+ and Ag+ and after immersion in Ag+ and Cu2+ solution of indicated 

concentration.  
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- Self-organized gold nanoparticles modified HOPG was demonstrated to be electrochemically stable 

electrode for potential higher than the desorption potential of dodecanethiol. 

- Prepared electrodes were shown to be potential electrode material for electrochemical 

nanosensing applications.  

- The obtained results show remarkable performance increases in terms of simple fabrication and 

use, low cost, high sensitivity and linear behaviour in a large domain of copper ion concentrations.  
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Self-organized gold nanoparticles modified HOPG was
demonstrated to be a stable and a performing electrode material for
electrochemical nanosensing devices.


