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This work reports the development of ultrasensitive miniaturized electrochemical device for 

heavy metal sensing. A laser engraver based patterning of fluorine-doped tin oxide (FTO) sheet 

was done to draw an etched pattern forming a miniaturized 3-electrode configuration. A layer 

of Ag/AgCl ink served as pseudo-reference electrode. The sensing electrode was coated using 

low-cost Cu nanorods (CuNRs) grown radially along the {110} surface with aspect ratio of 

8.0 and Cu@Ag core-shell nanorods (Cu@AgNRs) formed via galvanic displacement for 

simultaneous electrocatalytic detection of heavy metal ions (Pb(II), Cd(II), Hg(II), and Zn(II)) 

present in water. The electroactive surface area of the prepared devices is 0.026, 0.093 and 

0.125 cm2 for bare FTO, CuNRs/FTO and Cu@AgNRs/FTO, respectively. Bimetal 

Cu@AgNRs/FTO sensor exhibited the lowest limit of detection of 1, 2, 5 and 6 nM, 

respectively, detecting Cd(II), Pb(II), Zn(II), and Hg(II) ions, and it was 2, 2, 3 and 4 nM, 

respectively, for simultaneous detection of Zn(II), Pb(II), Cd(II) and Hg(II). The 

Cu@AgNRs/FTO based device showed distinct peak-to-peak separation by 0.40, 0.25 and 0.51 

V for Zn(II)-Cd(II), Cd(II)-Pb(II) and Pb(II)-Hg(II), respectively. This device was highly 

sensitive (583.6-1261.8 µA․µM−1․cm−2) for heavy metal detection over CuNRs/FTO (15.9-

107.4 µA․µM−1․cm−2). The Cu@AgNRs/FTO based sensors demonstrated good 

reproducibility (relative standard deviation ≤ 5%) with recovery (> 90%) in the case of all 

target heavy metals simultaneously present in environmental water samples. Hence, the Cu 

nanorods based miniaturized sensing platforms developed in the present study for simultaneous 

heavy metal detection are potential low-cost alternatives providing a repeatability of upto 4 

cycles unlike the commercial screen-printed electrodes. 

Keywords: FTO substrates; Electrochemical sensing platform; Toxic heavy metals; Square 

wave anode stripping voltammetry 

1. Introduction 
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Environmental monitoring is one of the most critical issues that is given the highest 

priority by the authorities. The regulating bodies are making waste disposal parameters 

stricter and stricter over the period. On the other hand, rapid industrialization and 

extensive agricultural practices have seen an increased use of pesticides and insecticides 

that lead to heavy metals (HMs) contamination in water and soil.[1,2] These HMs end 

up entering into the food chain, thereby destabilizing the ecosystem. Intake of HMs 

more than the allowable limits could affect humans in various ways leading to 

reproductive disorders [3], respiratory diseases[4], and neural disorders [5]. On entering 

the human body, Pb(II) ions affect the nervous system and hinder their reasoning and 

intelligence capability.[6] Similarly, Cd(II) ions are known to bioaccumulate in the 

human body and could affect the bones, kidney and liver. Hg(II) ions persist in nature 

and affect human by degenerating the kidneys and causes various cardiovascular 

issues.[7] The source of Zn(II) in the environment is the uncontrolled disposal of 

industrial wastes such as metal plating industries into land and water bodies. Though a 

small amount of zinc is necessary as a macronutrient in human bodies, an excessive 

intake of Zn(II) has shown to affect the bone mass density and cause renal problems.[8] 

Many detection techniques such as atomic absorption spectroscopy,[9] inductively 

coupled plasma mass spectroscopy,[10] inductively coupled plasma emission 

spectroscopy[11] and colorimetric methods[12] have been developed for the 

ultrasensitive detection of these heavy metal ions. However, these methods beset with 

high installation costs and limitations for on-field applications. Electrochemical 

techniques on the other hand are low-cost, highly sensitive and selective towards the 

target analyte(s). The miniaturized systems like screen-printed electrodes have been 

proven to be useful for on-field applications.[13–15] Further, modification of the 
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working electrodes with nanomaterials has shown improved electrokinetic and 

electrocatalytic activities along with improved electrical conductivity.[16–19] For 

instance, the Au@Ag core-shell nanoparticles have been used in fabricating 

electrochemical sensors with enhanced Hg(II) sensing.[20] In our previous report, we 

have also reported that bi-metallic Ag@Pt core-shell nanoparticles could notably 

enhance sensitivity towards the detection of Pb(II) ions in the presence of other HMs 

ions.[21] Moreover, modification of the nanoparticles’ surface could further enhance 

the electrocatalytic response towards HMs sensing. Modifying the electrode surface 

with metal nanoparticles[22–25], conductive polymers[26–29], ionic-liquids [30,31], 

etc. to increase the sensitivity of electrochemical sensors along with the use of 

specialized electrodes like boron doped diamond electrodes[32], gold electrodes[33], 

etc have been reported. Copper nanoparticles have been extensively used for the 

electrochemical sensing of drugs [34] , conductive inks [35] and pesticides [36,37].  

The use of copper nanoparticles/reduced graphene oxide (RGO) composites have 

previously been reported for the electrochemical sensing of HMs ions like Cd(II), Pb(II) 

and Hg(II).[38] However, copper nanoparticles are often demerited by quick oxidation 

thereby altering the surface properties and interaction with the analytes.[39] Thus, it is 

most often coated by a noble metal nanocatalyst to prevent oxidation[40] and to provide 

nanoporous channels which is known to enhance the electrochemical sensitivity of the 

catalyst by providing a confined area for the electrochemical reactions to take 

place.[41,42] Metal nanoparticles like Au[43] and Ag[21]  and metal oxide 

nanoparticles like SnO2[44], NiO[45] and Fe3O4[46] have been used in previous 

instances for HMs detection. In this work, we have introduced Fluorine doped tin oxide 

(FTO) based miniaturized three-electrode sensing devices based on Cu nanorods 
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(CuNRs) and Cu@Ag core-shell nanorods (Cu@AgNRs) as sensing modifiers. FTO 

exhibits high electrical conductivity, ensuring efficient charge transfer during 

electrochemical processes [47]. Moreover, FTO demonstrates excellent chemical 

stability and corrosion resistance under diverse environmental conditions, ensuring 

long-term durability in electrochemical devices. Furthermore, FTO electrodes are 

compatible with various surface modifications, allowing for tailored surface properties 

to enhance specific functionalities, such as catalytic activity or surface modifications 

[48]. These combined properties make FTO a versatile and reliable choice for 

electrochemical sensors, facilitating sensitive and selective detection of heavy metal 

ions. The sensing devices (CuNRs/FTO and Cu@AgNRs/FTO) exhibit ultrasensitive 

electrocatalytic detection of Zn(II), Cd(II), Pb(II), and Hg(II) ions present together in 

various environmental water samples. 

 

2. Materials and methods 

2.1 Synthesis of CuNRs and Cu@AgNRs 

Copper nanorods (CuNRs) were synthesized using a method previously described in 

literature, with slight modifications.[49] All chemicals used in this study were of 

analytical grade obtained from Sigma Aldrich/Merck, UK. Deionized water (18.2 MΩ) 

obtained from a Milli Q water purifier system (Millipore Ltd.) was used in all 

experiments. CuNRs were synthesized using CuCl2 as the source of Cu, sodium chloride 

(NaCl) as an additive, polyvinylpyrollidone (PVP K40) as a capping agent, and L(+)-

ascorbic acid (AA) as a reducing agent. CuCl2 and AA precursor solutions were 

prepared separately by dissolving 0.1 M anhydrous CuCl2 and 1.5 M AA (1.5 M) in 

deionized water under ultrasonication for 0.5 h. 2.4% (w/v) PVP K40 and 0.35 M NaCl 
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were added into the AA precursor solution under constant stirring. The resulting mix 

was then added to the CuCl2 precursor solution. The bluish green colour of CuCl2 

solution immediately turned white as soon as the AA, PVP and NaCl were added into 

it. This could be due to the formation of CuCl− precipitate due to reduction in the 

presence of high concentration of AA. pH of the final precursor solution was adjusted 

to 3.5 by adding 4 M NaOH (~2 mL), and the final reaction volume was adjusted to 60 

mL. The precursor mix was then equally divided into two into autoclavable bottles at 

the reaction temperature was maintained at 80 °C using a thermostatic and thermo 

stirring hot water bath (Make: Clifton, Model: NE4-HT, North Sommerset, UK) for 24 

h. The image of the progression of CuNRs formation is provided in Figure S1 of the 

Supplementary Information. The as-synthesized copper nanorods (CuNRs) were 

washed thrice using 1:1 (v/v) ethanol and water followed by centrifugation (3000 rpm 

for 15 min) and stored (1 mg․mL−1) in a storage solution comprising of 1 M AA and 

2.4% (w/v) PVP K40 in water. Before further using the as-synthesized CuNRs, the 

dispersion was thoroughly washed again with DI water thrice by repeating 

centrifugation ( at 3000 rpm for 15 min) and re-dispersion in to remove the AA and PVP 

K40 from the CuNRs.[50] The final concentration was adjusted to 1 mg․mL−1 using DI 

water. For the synthesis of Cu-Ag core-shell nanorods (Cu@AgNRs), a 10 mL portion 

of the CuNRs solution stored in the storage solution was taken and 0.5 mL of 0.025 M 

AgNO3 solution was mixed into it and vigorously shaken to get a uniform mixture 

utilizing the AA and PVP in the storage solution for the reduction and stabilization 

process of Ag over CuNRs.  and vigorously shaken to get a uniform mixture. It was then 

allowed to stand undisturbed for 2 h for the reaction to complete.[50] Similar washing 
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procedure as that of CuNRs was employed to obtain Cu@AgNRs solution in water for 

immediate use. 

 

2.2 Fabrication of three-electrode miniature system based on FTO 

A laser engraver (Make: Epilog Laser Engraver Model: Helix, Clavedon, UK) was 

used for patterning the FTO coated glass (Make: NSG Pilkington: Model: TEC 7, 

Lancashire, UK). The etching was performed based on the pattern shown in Figure 1a 

and parameters developed using AutoCAD software resulting in pattern shown in Figure 

1b. The etching parameters were set at 85% laser power with a frequency of 5000 Hz. 

The scanning speed was maintained at 20% of the maximum capacity. A layer of 

Ag/AgCl ink (~0.5 mm thick) (ASL Co., Japan) was coated, by doctor blading method, 

on one of the sections of the FTO that acts as the reference electrode (Figure 1c). The 

other part of the electrode was masked using two layers of scotch tape which prevented 

the smudging of the Ag/AgCl ink onto other sections of the patterned FTO during doctor 

blading. In the next step the nanocatalysts (CuNRs or Cu@AgNRs, washed and 

suspended in DI water) were added by drop casting 60 μL of nanocatalyst solution onto 

an area of ~0.7 × 0.7 cm2 and 100 μL of 0.5% Nafion solution in iso-propanol and dried 

at 60 C in a hot air oven to fabricate the miniature three electrode system (Figures 1d 

and 1e).  Slow drying of the nanomaterial ink in the presence of Nafion forms a viscous 

gel like substance. This stops particles from flowing to the edges of the droplet, enabling 

them to be deposited evenly. Thus, avoiding the coffee ring effect.  
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Figure 1:  Step by step method to fabricate the compact three-electrode system for targeted 

sensing of heavy metals. 

 

2.3 Material and device characterizations 

Optical absorbance of the synthesized CuNRs and Cu@AgNRs was measured using 

UV–Vis spectrophotometer (Make: Shimadzu, Model: UV-3101, Buckinghamshire, 

UK). The crystallinity of the synthesized material was characterized using X-ray powder 

diffractometer (Make: Rigaku, Model: Micromax-007HF, CA, USA) equipped with Cu-

Kα radiation source (α = 1.541 Å), scanned in the 2θ range from 30° to 90° with a step 

speed of 10° per min. Morphology of CuNRs and Cu@AgNRs were characterized by 

Field emission transmission electron microscopy (FETEM, Make: JEOL, Model: JEM-

2100F, Tokyo, Japan). The surface functional groups were analyzed by using FT-IR 

spectrometer equipped with a MIR detector (Make: Perkin Elmer, Model: Spectrum 

two, Waltham, USA). Anions present in water samples were analyzed by using an Ion 

chromatography (Metrohm, 930 Compact IC Flex, using a 6.1006.530 Metrosep A Supp 
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5-250 column).  The run time of 30 min was applied using an eluent containing a mixture 

of 1.0 mM NaHCO3 and 3.3 mM Na2CO3 in DI water with a flow rate of 0.7 mL․min−1.  

All electrochemical measurements were performed at room temperature on the 

fabricated miniaturized three electrode system where CuNRs or Cu@AgNRs modified 

FTO served as the working electrode, bare FTO as an auxiliary electrode and Ag/AgCl 

ink as a reference electrode (Figures 1d and 1e), using potentiostat/ galvanostat (Make: 

Metrohm Model: PGSTAT 302N,  Kanaalweg, The Netherlands). A pictorial view of 

the sensing system is provided in Figure S2 of the Supplementary Information.  

Electrochemical impedance spectroscopy (EIS) was carried out using 1 mM 

potassium ferricyanide in 0.1 M KCl to determine the electrode resistance exhibited by 

the devices. Bare FTO was first measured using EIS to generate the corresponding 

Nyquist plot, which was then fitted using Nova 2.1.4 software from Metrohm.   

Electrochemical sensing of Zn(II), Cd(II), Pb(II), and Hg(II) ions was performed 

using Square wave anodic stripping voltammetry (SWASV) in the potential range of 

−1.4 to 0.5 V vs. Ag/AgCl with an amplitude of 0.02 V and pulse width of 0.05 s. Either 

CuNRs or Cu@AgNRs modified FTO was subjected to 250 μL of 0.1 M acetate buffer 

solution at pH 5 and the target HMs ions at the desired concentrations for the SWASV 

analysis. These parameters were adopted from our previous work for electrochemical 

detection of Pb(II).[21] The analytes (here HMs) were then deposited (pre-concentrated) 

onto working electrode surface by reducing them at -0.4 V for 90 s and subsequently 

stripped off from the electrode surface into the electrolytic solution by varying the 

potential in the opposite direction (based on individual oxidation potentials) within the 

predetermined potential range. The deposition potential was chosen as -0.4 V. vs. AgCl 

as further increase in the potential during the optimization stage (data not shown) 
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delaminated the tin coating from the FTO glass severely affecting the workability of the 

electrode. 

 

2.4 Real water sample analysis 

The viability of the fabricated electrochemical sensors for HMs detection was 

investigated using environmental water samples collected from Clyde River, Glasgow 

(UK) and tap water from the University of Strathclyde Campus. The collected water 

samples were stored in a refrigerator at 4 °C to preserve the characteristics and were 

used without any pretreatment. The anions (chloride, fluoride, nitrate, sulphate and 

phosphate) concentrations in the collected samples were determined using ion 

chromatography. The effect of the presence of these anions on the simultaneous 

electrochemical sensing of HMs was determined by preparing the electrolyte using the 

collected water samples instead of the DI water and spiking the water samples with the 

required amount of HMs ions. The sensing performance was then evaluated by obtaining 

the square wave voltammograms with the optimized sensing parameters. 

 

3. Results and discussions 

3.1 Characterization of CuNRs and Cu@AgNRs 

Figure 2 shows the UV-vis spectroscopic analysis of the synthesized CuNRs and 

Cu@AgNRs dispersed in water. A distinct broad peak is observed at λ=592 nm for 

CuNRs (black) which is indicative of the formation of copper nanorods.[51] It can be 

observed that on reaction with AgNO3 for 2 h, the SPR peak due to copper is masked 

by the SPR peak of Ag (λ=431 nm, red). This is due to the deposition of Ag over the 

CuNRs. The deposition of Ag on CuNRs can be attributed to the galvanic displacement, 
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which is further augmented by the presence of AA. PVP in the reaction solution helps 

in stabilizing the prepared Cu@AgNRs. Similar results were obtained in our previous 

studies on the synthesis of Ag@Pt core-shell nanoparticles where the SPR peak of the 

core (Ag) was masked by the deposition of Pt (shell) over it.[21] 

Figures 3a and 3b shows the XRD pattern of CuNRs and Cu@AgNRs, respectively. 

The three dominant peaks in Figure 3a at 2θ = 43.5, 50.3 and 74.1 correspond, 

respectively, to the diffraction from (111), (200) and (220) planes of face-cantered cubic 

(FCC) Cu (PDF card #00-004-0836, Figure 3c). Similarly, in the case of Cu@AgNRs 

(Figure 3b), the diffraction from (111), (200), (220), (311) and (222) planes at 2θ angle 

38.2, 44.2, 64.4, 77.5 and 81.5 corresponds to FCC Ag (PDF card #01-077-6540, 

Figure 3c). Few unassigned peaks (much lower intensity than Cu and Ag peaks) at 2θ 

angle 35.8, 42.1, 46.6, 51.1 and 51.8 could be due to the organic substances 

contributed by ascorbic acid, PVP and trace amount of NaCl (additive) that may be 

present on the nanorods as reducing and stabilizing agents.[52,53] 

The FT-IR analysis of the synthesized CuNRs and Cu@AgNRs is presented in 

Figures S3a-S3b of the Supplementary Information. The results show similar features 

as the same reducing and stabilizing agents used in the formation of the CuNRs and 

Cu@AgNRs. The strong peak observed at 3450 cm−1 corresponds to the stretching 

vibration of the O-H adsorbed water group on the nanomaterial surface. C=O vibrations 

and out of ring C–H bonds, respectively, give rise to peaks at 1680 and 1384 cm–1 which 

could be due to the carboxylic acid functional group from the AA. The C-N vibration 

generates a small yet an important peak at around 1288 cm−1, that proves the 

stabilization due to PVP. The only source of C-N bond is from the nitrogen present in 

the pyrrole ring in the PVP.  
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Figure 4a shows FETEM micrograph of typical CuNRs (average aspect ratio = 8.0). 

A close examination indicates that these NRs have a cyclic penta-twinned structure with 

five {111}-type twin boundaries arranged radially along the common {110} surface 

(Figure S4(a) of the Supplementary Information) which is a typical in the case of 

CuNRs. [54,55] Analysis of the diffraction pattern reveals, diffraction rings with lattice 

spacing of 0.225 nm and 0.144 nm corresponding to the (111) and (220) planes of FCC 

Cu, respectively (Figure S4(b) of the Supplementary Information).[56] Figure 4b shows 

the FETEM micrograph of the synthesized Cu@AgNRs. Irregular thin surface layer of 

Ag deposited over the CuNRs can be seen at a higher magnification (Figure 4c). 

HRTEM micrograph reveals the crystalline fringes with lattice spacing of 0.24 nm 

corresponding to (111) of FCC Ag (Figure 4d).[57,58] The elemental mapping (Figures 

4e- 4g) and EDX analysis show the deposition of Ag over CuNRs, and the percentage 

composition of Ag was 21.3% (w/w) and Cu core was 78.8% (w/w). 

 

Figure 2: UV-vis spectroscopy analysis of the synthesized CuNRs and Cu@AgNRs. 
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Figure 3: XRD analysis of the synthesized (a) CuNRs, (b) Cu@AgNRs, and (c) Corresponding 

JCPDS card. 

 

Figure 4: TEM micrographs of (a) CuNRs, (b and c) Cu@AgNRs, (d) HRTEM micrograph, 

(e) Elemental mapping, and Elemental distribution of (f) Copper, (g) Silver, and (h) EDX 

spectra and the elemental composition of Cu@AgNRs. 

 

3.2 Electrochemical characterization of the fabricated electrodes 

3.2.1 Electrochemical impedance spectroscopy (EIS) 



 

14 

 

Figure 5a gives the Nyquist plots showing the change in resistance as a function of surface 

modification of bare FTO (black curve), to CuNRs coated FTO (red curve) and Cu@AgNRs 

coated FTO (blue curve). The bare FTO electrode shows a resistance of 3.69 KΩ and a solution 

resistance of 96.5 Ω (Figure 5b). A Warburg component (which models the linear diffusion 

towards the electrode surface) was required to complete the circuit, which shows the 

heterogeneity and the diffusion limitation of the electrochemical system.[59,60] The Y0 

values of the Warburg component provides insights into how quickly analytes can 

diffuse to or from the electrode surfaces and it increases with the addition of different 

layers of electrocatalysts on the FTO as depicted in Figures 5a-5c.[61]  Thus, a quiet 

time or a conditioning time of 30 s is provided before every experiment to reduce the 

effect of this diffusion limitation. The CuNRs/FTO and Cu@AgNRs/FTO shows the 

resistance of 2.91 and 2.35 kΩ, respectively, which is due to the increased conductivity 

induced by the presence of metal nanocomposites on its surface.   

 

Figure 5: (a) Nyquist plot showing the change in resistances due to surface modifications of 

bare FTO (black curve), with CuNRs (red curve) or Cu@AgNRs (blue curve). (b)-(d) 

Corresponding equivalent circuits. 
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3.2.2 Estimation of electrochemical surface area 

The electrochemical surface area was determined by using Randles -Sevcik relation 

(Eq. 1).[62,63]  

IP=2.69×105Aeff D
1/2n3/2υ1/2 Co  (1)  

Where n, ʋ, D and Co are the number of electrons involved in the electrochemical reaction, 

scan rate in V⸳s−1, diffusion coefficient in cm⸳s−1, and bulk concentration in mol⸳L−1 of the 

redox probe K3(Fe[CN6]), respectively. The cyclic voltammograms of each electrode at varying 

scan rates are presented in Figures 6a-6c. It can be seen that the peak currents gradually 

increased with the increase in the scan rate (5-200 mV․s−1)⸳ The peak currents obtained in the 

case of Cu@AgNRs/FTO is the maximum followed by CuNRs/FTO. The increase in the peak 

current response was about 4 times in the case of CuNRs/FTO and 5 times in the case of 

ACu@AgNRs/FTO. In the case of modified electrodes, the shift of the peak positions to lower 

potentials is indicative of an enhanced electrokinetics activity. From the plot of IPa vs. ʋ0.5 

(Figure 6d) and equating the slope values by considering D for K3(Fe[CN6]) of 

6.67 × 10−6 cm2 s−1 (n = 1) [64], Aeff was found to be 0.026, 0.093, and 0.125 cm2, respectively 

for bare FTO, CuNRs/FTO and Cu@AgNRs/FTO. Their corresponding slope values were 

0.0473, 1.671, and 2.24 (×10−4․A․V−0.5․s0.5). 
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Figure 6: Cyclic voltammograms with different electrodes: (a) Bare FTO, (b) CuNRs/FTO and 

(c) Cu@AgNRs/FTO at various scan rates (10-200 mV․s−1) and (d) Variation of peak current 

(IPa) with square root of scan rate. Reaction conditions: K3(Fe[CN]6) (1 mM) in 100 mL of 

0.1 M KCl at ambient temperature. 

 

3.2.3 Electrochemical sensing of HMs using CuNRs/FTO  

The square-wave voltammetry method was used for HMs sensing using CuNRs/FTO. 

Figures 7a-7d show the current response for Zn(II), Cd(II), Pb(II), and Hg(II) ions, 

respectively. It can be seen that the peak potential obtained for Zn(II), Cd(II), Pb(II), 

and Hg(II) were, respectively at -1.3, -0.95, -0.50 and 0.15 vs. Ag/AgCl. Figure 7e 



 

17 

 

shows the calibration curves at various concentrations of HMs. The limit of detection 

(LoD), the limit of quantification (LoQ), and the sensitivity were calculated using the 

following relations (Eqs.2-4).[65] 

LoD = 3Sb/m       (2) 

LoQ = 10Sb/m      (3) 

Sensitivity = m/Aeff    (4) 

Where, Sb is the standard deviation of the blank electrolyte (number of experiments= 

10), m is the slope of the calibration curve (µA․µM−1) containing the lowest HMs concentration 

(0.1 µM) and Aeff is the effective surface area (cm2) of the working electrodes. Sb was 

determined to be 0.125. The slope of the calibration curve was obtained from the corresponding 

linear equation (Eq. 1). LoD and LoQ for Zn(II) were calculated to be 0.005 and 0.017 µM. 

Similarly, for Pb(II), the LoD and LoQ were 0.007 and 0.026 µM. For Cd(II), it was, 

respectively 0.030 and 0.099 µM. However, the least response was obtained in the case of 

Hg(II), and the LoD and LoQ obtained, in this case, were 0.124 and 0.414 µM, respectively. 

This could be due to the formation of Hg-Cu amalgam that hinders the stripping response of 

the sensor. Similarly, at higher concentrations of Zn(II) (Figure 7a) and Cd(II) (Figure 7b), a 

shift in peak with additional shoulder peaks could be observed. This could be attributed to the 

formation of intermetallic compounds with CuNRs which interferes in the proper stripping of 

Zn [66] and Cd [67] from the surface, and the increased deposition layer (at higher 

concentrations) on the electrode surface hinders the mass transfer kinetics leading to shoulder 

peaks and peak shift.[68] 
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Figure 7: Square wave voltammograms recorded with different HMs ions: (a) Zn(II), (b) 

Cd(II), (c) Pb(II), (d) Hg(II), and (e) Corresponding calibration curves using CuNRs/FTO 

based miniature device. Reaction conditions: HMs 0.1-10 µM in acetate buffer at pH 5. 

Frequency was set at 15 Hz and amplitude 0.02 V, deposition time 90 s and conditioning time 

30 s. 

 

3.2.4 Electrochemical sensing of HMs using Cu@AgNRs/FTO 

The electronic effect plays an important role in explaining charge transfer efficiencies 

in bi-metallic nanocatalysts. From monometallic to bi-metallic nanoparticles, an 

additional degree of freedom is introduced that enhances their electrocatalytic 

characteristics. Figure 8 shows the determination of Zn(II), Pb(II), Cd(II) and Hg(II) 

individually in 0.1 M of acetate buffer at pH 5 against the deposition potential of -0.4 V 

for 90 s at Cu@AgNRs/FTO. For Zn(II), Pb(II), Cd(II), and Hg(II) ions, the peak 

potential was noted at -1.3, -0.78, -0.55, and -0.4 V vs. Ag/AgCl, respectively (Figures 

8a-8d). As the concentration of metal ions increased, the stripping current increased. 
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The corresponding calibration plot of various metal ions is depicted in Figure 8e. Two 

linear ranges could be observed which can be attributed to the change in the 

electrochemical reaction from diffusion-controlled domain at lower concentration to 

surface controlled reaction at higher concentration. Moreover, at higher concentration 

more HMs gets deposited on the working electrode surface and it becomes difficult for 

the system to strip all the HMs ions from the surface during the stripping phase of the 

SWASV process. Hence, it shows a dip in the calibration slope at higher concentrations 

thereby decreasing the sensitivity of the sensor. The sensing parameters for different HMs 

ions are summarized in Table 1. The sensitivity of Pb(II) was estimated to be approx. 1.1, 2.8, 

and 5.1 times higher as compared to Cd(II), Hg(II), and Zn(II).  Again from Table 1, it can 

be observed that Cu@AgNRs/FTO showed an improved sensing of all HMs under 

consideration except for Zn(II) which showed a marginal increase in LoD value from 

0.004 to 0.005 μM. This could be due to the bi-metallic interactions between Ag and Zn 

that might have reduced the electrocatalytic activity of the sensor towards Zn(II) [69].  

The generation of shoulder peaks during SWASV for Hg(II) sensing (Figure 8d) 

could be attributed to the formation of mercury amalgam species on the electrode 

surface during the deposition step, leading to additional peaks associated with amalgam 

formation with Ag. [70] Additionally, interactions between mercury ions and other 

electroactive species present in the solution, such as competing metal ions can contribute 

to the appearance of shoulder peaks at higher concentrations.[66] 
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Table 1:  Fabricated sensor performance parameters for individual HMs detection. 
 Sensor 

parameters 
Zn(II) Cd(II) Pb(II) Hg(II) 

 Permissible limits 

(USEPA, 2018) 

(µM) 

76.5 0.044 0.072 0.01 

C
u

N
R

s/
F

T
O

 

Linear range 

(µM) 
0.01-1 and 1-10 

Linear equation 

(0.01-1 µM) 

IPa(µA)= 

88.39[Zn(II)] µM 

+ 23.73 

IPa(µA)= 

19.84[Cd(II)] µM 

+ 18.45 

IPa(µA)= 

58.90[Pb(II)] µM 

+ 23.76 

IPa(µA)= 

3.11[Hg(II)] µM 

+ 8.59 

R-squared 0.9 0.94 0.9 0.96 

LoD/LoQ (µM) 0.004/0.014 0.019/0.062 0.006/0.021 0.124/0.414 

Effective surface 

area (cm2) 
0.093 

Sensitivity 

(µA⸳µM−1⸳cm−2) 
116.76 26.2 77.8 4.1 

C
u

@
A

g
N

R
s/

F
T

O
 

Linear range 

(µM) 

0.01-1.0 and       

1.0-10 

0.01-0.5 and     

0.5-10 

0.01-1.0 and       

1.0-10 

0.01-1 and            

1-10 

Linear equation 

(0.01-1 µM) 

IPa(µA)= 

69.33[Zn(II)] µM 

+ 40.67 

IPa(µA)= 

262.17[Cd(II)] 

µM + 20.68 

IPa(µA)= 

207.28[Pb(II)] 

µM + 22.62 

IPa(µA)= 

57.04[Hg(II)] µM 

+ 20.55 

R-squared 0.9 0.94 0.98 0.94 

LoD/LoQ (µM) 0.005/0.017 0.001/0.004 0.002/0.006 0.006/0.021 

Effective surface 

area (cm2) 
0.125 

Sensitivity 

(µA⸳µM−1⸳cm−2) 
84.65 320.1 253.08 69.64 
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Figure 8: Square wave voltammograms measured with different HMs ions: (a) Zn(II), (b) 

Cd(II), (c) Pb(II), and (d) Hg(II) using Cu@AgNR/FTO based miniature device. Reaction 

conditions HMs 0.1-10 µM in acetate buffer at pH 5. Frequency was set at 15 Hz, amplitude 

0.02 V, deposition time 90 s and conditioning time 30 s. 

 

3.2.5 Simultaneous electrochemical sensing of HMs  

Simultaneous detection and determination of Zn(II), Cd(II), Pb(II) and Hg(II) at bare 

FTO, CuNRs/FTO and Cu@AgNR/FTO was carried out in this study, and the SWASV 

signals were recorded simultaneously (Figure 9). It can be seen that blank FTO (Figure 

9, black curve) could not produce any stripping signals for HMs, whereas CuNRs/FTO 

though could sense Cd(II), Pb(II) and Hg(II), but it was unable to give any signals for 

Zn(II) even at high concentration (1 μM). For Cu@AgNRs/FTO, well separated peaks 

were obtained. With the increase of each HMs concentration from 0.1 μM to 10 μM at 

a potential range of -1.4 V to +0.5 V vs Ag/AgCl, the maximum currents gradually 

increased. 
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Figures 10a and 10b show the SWASV signals for both the devices. For CuNRs/FTO, the 

best detection for Pb(II) was possible with an extended linear range from 0.25 to 10 µM. 

However, the detection of other HMs was poor. The detection of Zn(II) was possible only 

above the concentration of 1 µM, and the detection was ceased above the concentrations of 5 

µM. Similarly, the detection of Hg(II) was also very weak, with the slope of the calibration 

curve of 1.47. This could be attributed to the fact that in the presence of other competing 

metal during simultaneous detection of heavy metals, the influence of the deposition 

current is distributed between all the competing ions in the electrochemical system and 

results in significantly less ion deposition, and thus reduced current response of the 

target ion is noted. The SWASV signals and the calibration curves of the HMs ions on 

Cu@AgNRs/FTO device (Figures 10b and 10d) demonstrate two linear ranges between 

the concentrations. The linear regression equation, the corresponding linear range, linear 

correlation coefficient and other performance parameters are summarized in Table 2. 

LODs with the signal-to-noise ratio of 3 (s/n = 3) were found to be 0.005 µM for Zn(II), 0.003 

µM for Cd(II), 0.002 µM for Pb(II) and 0.02 µM for Hg(II), respectively. The 

Cu@AgNRs/FTO showed distinct peaks with a separation of 0.40, 0.25, and 0.51 V between 

Zn(II)-Cd(II), Cd(II)-Pb(II), and Pb(II)-Hg(II), respectively. These results indicate that the 

developed Cu@AgNRs/FTO-based electrochemical platform is capable of simultaneous 

detection of multiple HMs ions with high selectivity and sensitivity. 

A noticeable variation in the sensitivity of HMs sensing in the individual and 

simultaneous analysis was observed. In the case of CuNRs/FTO-based device, there was 

a reduction of 7.0, 3.0, and 2.0 times in the LoD values for Zn(II), Pb(II), and Hg(II) 

during simultaneous HMs detection as compared to sensing of individual HMs. 

However, for Cd(II), there was no change in the LoD values, but a noticeable reduction 
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in the sensitivity from 130.75 to 104.3 µA⸳µM−1⸳cm−2 was observed. An overall decrease 

in the sensitivity was also observed in the case of other analyzed HMs. Similarly, in the 

case of the Cu@AgNRs/FTO based device, it can be seen that there is a decrease in LoD 

during the simultaneous detection of HMs by about 1.5, 2.0, and 5 times for Cd(II), 

Pb(II), and Hg(II), respectively. However, the sensitivity attained by Cu@AgNRs/FTO 

devices was much higher as compared to CuNRs/FTO devices. In the case of Zn(II), an 

increase in the LoD was observed for simultaneous detection of HMs as compared to 

individual HMs ions detection using Cu@AgNRs/FTO. This could be due to the 

presence of Hg film on the working electrode surface during the deposition period [38].  

Though a decrease in the performance was observed during the simultaneous detection 

of HMs (with respect to individual sensing) at the Cu@AgNRs/FTO, the peaks were 

well- shaped with high resolution that could be instrumental for simultaneous 

determination of HMs with great accuracy. 

The complex interaction between the two electron rich atoms in Cu@AgNRs could 

modify the surface electrical properties of these nanoparticles resulting in an enhanced 

electrical signal for the analytes. The lattice strain generated at the Ag-Cu interface due 

to the deformities is also known to enhance the electrocatalytic activities of bimetallic 

nanoparticles.[71] The resulting surface trapping and charge densification arising due 

to change in the interatomic bond lengths and change in the energy levels of the bonding 

electrons also could be a reason for the enhanced peak current in Cu@AgNRs/FTO 

based electrochemical platform.[21,72]  

A comparison table providing various electrochemical sensing platforms with the 

proposed electrochemical systems is provided in Table S1 of the Supplementary 

Information. The FTO/ITO based electrochemical platforms for HMs sensing is very 
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sparsely reported in literatures. These reports are to sense only single heavy metal ions 

like Pb(II) [73] or Hg(II) [74]. Moreover, the proposed electrochemical platform is a 

miniaturized version of the conventional three electrode system. The earlier studies in 

the table used FTO as the working electrode only along with a traditional Pt wire 

(counter electrode) and Ag/AgCl reference electrode for the sensing experiments. A 

comparable sensing performance could be obtained using the proposed Cu@AgNRs and 

CuNRs/FTO based electrochemical system to the conventional glassy carbon electrode 

based electrochemical three electrode systems.  

 

Figure 9: Simultaneous electrochemical sensing of Zn(II), Cd(II), Pb(II) and Hg(II) with 

various modified FTO based devices. Reaction conditions: HMs of 10 µM in acetate buffer at 

pH 5.0. Frequency was set at 15 Hz, amplitude 0.02 V, deposition 90 s, and conditioning time 

30 s. 
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Figure 10: Square-wave voltammograms for simultaneous electrochemical sensing of Zn(II), 

Cd(II), Pb(II) and Hg(II) using (a) CuNRs/FTO and (b) Cu@AgNRs/FTO based devices, (c) 

Calibration curve with CuNRs/FTO, and (d) Calibration curves with Cu@AgNRs/FTO. 

Reaction conditions: HMs of 0.25-10 µM in acetate buffer at pH 5.0. Frequency was set at 15 

Hz, amplitude 0.02 V, deposition time 90 s, and conditioning time 30 s. 

 

 

 

 

 



 

26 

 

 Table 2: Fabricated sensor performance parameters for simultaneous HMs detection. 

 CuNRs/FTO 

 Sensor 

parameters 
Zn(II) Cd(II) Pb(II) Hg(II) 

 Permissible limits 

(USEPA, 2018) 

(µM) 
76.5 0.044 0.072 0.015 

C
u

N
R

s/
F

T
O

 

Linear ranges 

(µM) 
1.0-5.0 1.0-10.0 0.25 - 10 3.0-10.0 

Linear equation 

IPa(µA) = 

9.99[Zn(II)] 

µM + 43.00 

IPa(µA) = 

9.7[Cd(II)] µM 

+ 13.23 

IPa(µA) = 

17.2[Pb(II)] 

µM + 35.53 

IPa(µA) = 

1.5[Hg(II)] 

µM + 30.64 

LoD (µM) 0.037 0.038 0.021 0.25 

LoQ (µM) 0.123 0.127 0.071 0.845 

Effective surface 

area (cm2) 
0.093 

Sensitivity 
(µA⸳µM−1⸳cm−2) 

107.4 104.6 185.4 15.9 

C
u

@
A

g
N

R
s/

F
T

O
 

Linear ranges 

(µM) 
0.1-1 and 1-10 

Linear equation 

IPa(µA) = 

29.4[Zn(II)] 

µM + 167.77 

IPa(µA) = 

131.0[Cd(II)] 

µM + 165.5 

IPa(µA) = 

150.2[Pb(II)] 

µM + 111.8 

IPa(µA) = 

52.6[Hg(II)] 

µM + 83.27 

LoD (µM) 0.005 0.003 0.002 0.025 

LoQ (µM) 0.017 0.01 0.006 0.08 

Effective surface 

area (cm2) 
0.125 

Sensitivity 
(µA⸳µM−1⸳cm−2) 

1261.8 912 1297.9 583.6 

3.2.6 Reproducibility and repeatability analysis 

The reproducibility of the CuNRs/FTO and Cu@AgNRs/FTO sensors was studied by intra-

assay (n=3). Relative standard deviations (RSD) with Cu@AgNRs/FTO are estimated to be 

2.2, 3.9, 0.98 and 4.6% for Zn(II), Cd(II), Pb(II) and Hg(II), respectively. These are far less 

than CuNRs/FTO sensors with RSD of 6.24, 3.59, 3.21, and 7.5%, respectively, for Zn(II), 

Cd(II), Pb(II) and Hg(II). These findings demonstrate that Cu@AgNRs/FTO based devices 
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could minimize the detection signal differences arising from the background conditions, and it 

could also increase the reproducibility of the electrochemical system by minimizing the 

formation of oxide layers which is very important for the sensing of HMs ions for field 

applications. The repeatability of the prepared devices was determined by running seven 

SWASV cycles using the same electrode. The SWASV signal is depicted in Figure. S5 of the 

Supplementary Information. The peak signal responses are shown in Figure 11. It can be 

observed that there is no significant variation in the peak currents up to 4 cycles after which 

there was a decrease in the peak current signal by about 35 and 19%, respectively for 

CuNRs/FTO and Cu@AgNRs after 7th cycle. This can be attributed to the delamination of the 

coatings from the base FTO during the stripping and deposition when the counter electrode 

(bare FTO) acted as an anode. This is a marked improvement in the reusability of the sensor 

compared to single use disposable screen-printed electrodes. 

 

Figure 11: Repeatability (peak current) of HMs ions sensing using (a) CuNRs/FTO, and (b) 

Cu@AgNRs/FTO. Experimental conditions: HMs of 10 μM, acetate buffer (pH 5.0), square 

wave frequency 15 Hz, amplitude 0.02 V, deposition time 90 s, deposition potential -0.4 V, 

and conditioning time 30 s. 



 

28 

 

 

3.2.7 Environmental sample analysis 

The developed Cu@AgNRs/FTO device was used for the detection of HMs present, if any, 

in real tap water and river water samples. The SWASV analysis for the quantification of the 

HMs was conducted as per the optimized parameters. In the environmental water samples, as 

can be seen in Figure 12, Zn(II), Cd(II), Pb(II) and Cu(II) stripping peaks cannot be found. It 

indicates that the concentration of HMs was below the LODs of the device, or that the target 

HMs ions were not present in these samples. Therefore, the water samples were further spiked 

by the target HMs, and distinct and well-separated SWASV peaks were found for Zn(II), 

Cd(II), Pb(II), and Hg(II). The collected water samples were analyzed for their anions content 

and the results are depicted in Figure S6(a) (river water) and Figure S6(b) (tap water) of the 

Supplementary Information. A very high concentration of PO4
− (365.65 mg⸳L−1) was present 

in the river water sample. Cl− concentration was quite high (13.40 mg⸳L−1) in the tap water 

samples. The presence of F−, and SO4
− was also evident from the analysis. The tap water and 

river water-based recovery experiment was performed using a standard supplement approach, 

and the results are presented in Table 3. The presence of interfering anions in the water sample 

did not show any significant adverse effects on the HMs quantification. In river water, the 

recovery value was obtained against a known spiked amount of HMs that were subjected for 

the simultaneous detection of the HMs, and the obtained values are 91.0 -92.2, 93.9-104.9, 

94.2-109.8, and 86.7-98.76%, respectively with RSD values of 3.9, 2.4, 2.1 and 5.2%, 

respectively, for Zn(II), Cd(II), Pb(II) and Hg(II). Similarly, in tap water samples the recovery 

varied from 96.3-97.3, 98.7-103.3, 99.2-102.8, and 91.7-96.6%, respectively for Zn(II), Cd(II), 

Pb(II) and Hg(II). The RSD obtained for three replicates were 4.2, 2.2, 1.8, and 4.3%, 

respectively. These results clearly demonstrate that the proposed electrochemical sensors have 
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high accuracy and reliability for analysis of Zn(II), Cd(II), Pb(II), and Hg(II) in real 

environmental water samples.  

 

Figure 12: Square wave voltammetry signal for HMs in environmental water samples. 

Experimental conditions: Frequency was set at 15 Hz, amplitude 0.02 V, deposition time 90 s, 

and conditioning time 30 s at pH 5. 

 

Table 2: Performance of Cu@AgNRs/FTO device for HMs detection from environmental 

water samples. 

 

4. Conclusions 

This study introduces a novel and cost-effective method for producing a miniaturized 

three-electrode system based on FTO. The FTO sheet was utilized to create a structured 

3-electrode system using laser engraving techniques. A pseudo-reference electrode was 

incorporated into the system by applying a layer of Ag/AgCl ink. The fabricated device 

Sample HMs (μM) Zn(II) Cd(II) Pb(II) Hg(II) 

River water 0 ND ND ND ND 

River water 

Tap water 

0.5 91.0 93.9 94.2 98.7 

1 92.2 104.9 109.8 86.7 

0 ND ND ND ND 

Tap water 0.5 97.3 98.8 99.2 96.6 

1 96.3 103.3 102.8 91.7 
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enables the concurrent detection of heavy metals Zn(II), Cd(II), Pb(II), and Hg(II), and 

it exhibits reusability for up to four cycles. The devices exhibited exceptional analytical 

capabilities with regards to a significantly broad operational range encompassing two 

linear intervals: one ranging from 0.1 μM to 1 µM, and the other covering from 1 µM 

to 10 µM of heavy metal concentration. The sensors exhibited remarkable sensitivity, 

achieving low detection limits of 1 nM for Cd(II), 2 nM for Pb(II), 5 nM for Zn(II), and 

6 nM for Hg(II) in individual detection, and 2 nM for Cd(II), 2 nM for Pb(II), 3 nM for 

Zn(II), and 4 nM for Hg(II) in simultaneous detection. The experimental results 

demonstrated strong repeatability and excellent recovery rates exceeding 90% during 

the assessment of heavy metal ions detection in environmental water samples. The 

sensors exhibited distinct peak-to-peak separation for different pairs of heavy metal 

ions. This demonstrates the efficacy of the manufactured device in accurately detecting 

heavy metal ions across a diverse range of environmental samples, while minimizing 

any notable interferences. Though a slight decrease in the sensitivity was observed 

during simultaneous heavy metal ion detection, the detection limits were well below the 

permissible limits (EPA guidelines) except for mercury. This shows the capability of 

the fabricated devices for successful determination of heavy metal ions in a wide variety 

of environmental water samples without any significant interferences.  
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