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In situ bismuth film modified carbon fiber microelectrode is 

reported for sensitive detection of Cd(II) and Pb(II) in 0.1 M 

acetate buffer solution of pH 4.5. As compared to the unmodified 

electrode, in situ bismuth modification improves the detection 

limit at nanomolar level for individual as well as simultaneous 

detection of Cd(II) and Pb(II). Electroanalysis carried out using 

square wave anodic stripping voltammetry shows linear response 

over the 50-500 nM range. The minimum detection limits are not 

affected for the individual and simultaneous metal detection. 

Using the standard addition method, cadmium and lead have been 

detected in tap water samples successfully. 
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Trace level heavy metal detection of cadmium and lead 

in the environmental samples are of great importance 

due to their high toxicity and continuous accumulation. 

Even at very low concentration, exposure of these 

metals leads to an increasing risk of cancer and renal 

damage. Thus, contamination being inevitable, 

monitoring of these heavy metal concentrations in the 

environment is of high importance. There are various 

techniques, such as atomic absorption/emission, 

inductively coupled plasma mass spectroscopy, and 

electrochemical methods for the detection of trace level 

heavy metals
1,2

. Spectroscopic techniques require high 

sophisticated instrument, which is not suitable for 

in situ and on site monitoring. Alternatively, 

electroanalytical detection is a simple approach that has 

several advantages, including rapid analysis, 

portability, good selectivity and sensitivity. 

Electroanalytical detection using microelectrodes 

offer several advantages such as reduced capacitive 

current, enhanced mass transport, and high  

signal-to-noise ratios and are well suited for in situ 

measurements
3
. The sensitivity of the microelectrode is 

greatly improved due to the reduced charging 

current.
1,2

 Mercury film
4,5

, gold
6
, platinum

7
 and silver 

based electrode materials
8
 are reported, for the 

detection of trace level of heavy metals. Among these 

electrodes, mercury is routinely used for the detection 

of heavy metals due to high overvoltage of hydrogen 

evolution. However, due to toxicity of mercury, metal 

thin film and solid electrodes have been developed as 

alternatives for mercury. Environment friendly and less 

toxic bismuth film electrode has been introduced by 

Wang et al.
9
 as an alternative new electrode material to 

replace mercury film electrode. Compared to mercury 

film electrode, the performance of bismuth film 

electrodes are more favourable for improved 

sensitivity, well-defined stripping signal and good peak 

resolution. Also, the utility of bismuth modified 

electrode for electroanalysis is well documented by 

several researchers
10-17

 and in recent review articles
18-21

. 
 

The attractive stripping behaviour of bismuth 

electrodes is reasoned as the ability of bismuth to form 

a “fusible” alloy with trace heavy metals during the 

pre-concentration step
22

. However, Manivannan et al.
23

 

showed that in the presence of Pb, peak currents of Cd 

decreased by half, as compared to the individual Cd 

analysis. Armstrong and co-workers
24

 reported that the 

sensitivity of detection of the metals (Pb and Cd) from 

a mixture falls to an extent of 43 % after the first metal 

has been stripped. Since the environmental sample 

comprises many metal species, sensitivity detection is a 

concern, irrespective of the technique of selection.  

In view of the above, we have prepared in situ 

bismuth film modified carbon fiber microelectrode 

(CFME) for the determination of nanomolar level 

cadmium and lead in acetate buffer solution (pH 4.5). 

This modified electrode offers enhanced sensitivity and 

reproducibility for individual as well as simultaneous 

detection from a mixture at nanomolar levels. The 

present methodology is a simple and efficient approach 

for the development of on-chip devices for the 

detection of heavy metals in aquatic samples without 

involving complicated sample preparations. 

 
Experimental  

All the chemicals used in this work were of 

analytical purity. The nitrate salts of Bi(III), Cd(II) 

and Pb(II) were purchased from Merck. Acetate 
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buffer (0.1 M) of pH 4.5 was prepared by adding 

sodium acetate (Merck) and acetic acid (Merck). 

Cd(II) and Pb(II) solutions were prepared by diluting 

appropriate amount of stock solution (1000 µM) of 

corresponding metal precursors. All aqueous solutions 

were prepared using Milli-Q water of 18.2 MΩ cm
-1

 

resistivity (Millipore). 

Square wave anodic stripping voltammetric 

(SWASV) measurements were carried out using 

PalmSens portable electrochemical analyzer 

(Palmsens BV, Netherlands). A three-electrode 

system was used, with in situ bismuth film modified 

CFME (10 µm dia., BAS inc., USA), Ag/AgCl (3M 

NaCl), and platinum foil as working, reference and 

counter electrodes, respectively. All measurements 

were made at ambient temperature (25 ± 1 °C) and the 

potential mentioned in this work are referred to 

Ag/AgCl (3M NaCl) as reference.  

In situ bismuth film CFME were prepared by 

depositing bismuth film onto the CFME directly from 

solutions containing 5 µM of Bi(III) ion along with 

the Cd(II) and Pb(II). During the electrochemical 

preconcentration step, deposition potential of –1.2 V 

was applied for 120 s. 

Voltammetric measurements were carried out using 

0.1 M acetate buffer solution. Square wave anodic 

stripping voltammetry (SWASV) was used for 

deposition and stripping steps with the following 

parameters: initial potential, -1.1 V; final potential, 

0.3 V; pulse amplitude 50 mV, frequency 10 Hz and 

deposition time 120 s. During the deposition period 

the solution was stirred at approximately 1000 rpm 

and the potential was held at -1.2 V. Stirring was 

required during the deposition process and it was 

stopped at the end of the deposition for the stripping 

step. The detection procedure is described in Fig. 1. 
 

Results and discussion 
 

Electrochemical behaviour of in situ bismuth modified CFME 

The electrochemical behaviour of CFME immersed 

in 0.1 M acetate buffer solution of pH 4.5, containing 

0.1 mM Bi(III), Pb(II) and Cd(II) was studied. The 

cyclic voltammogram started at 0.3 V, exhibiting 

reduction current related to the reduction of Bi(III) to 

Bi at -0.3 V followed by Pb(II) and Cd(II) reduction 

at -0.45 and -0.75 V respectively. While reversing the 

scan towards anodic direction, the respective metal 

stripping peaks appeared i.e., Cd(II) at -0.69 V, Pb(II) 

at -0.42 V and Bi(III) at -0.08 V. These results clearly 

reveal the bismuth deposition followed by Cd and Pb 

deposition on the carbon fibre microelectrode surface 

leading to the formation of fusible alloy. This has 

been observed many researchers
22 

and can be 

exploited for the analytical detection of heavy metals 

using in situ bismuth modification. 
 

Anodic stripping voltammetric behaviour of in situ bismuth 

modified CFME 

The anodic stripping voltammetric (ASV) 

behaviour of bismuth (5 µM) in 0.1 M acetate buffer 

(pH 4. 5) solution at a CFME shows a well defined 

and highly resolved sharp stripping peak at –0.2 V 

versus Ag/AgCl reference electrode (Fig. 2A). 

Appearance of a sharp bismuth stripping peak 

indicates that bismuth forms an in situ film with 

CFME at the optimized experimental parameter. The 

typical ASV of 500 nM Cd(II) and Pb(II), obtained in 

 
 

Fig. 1 — Schematic representation of pre-concentration and 

stripping of Bi(III); along with Cd(II) and Pb(II) on the carbon 

fiber microelectrode. 

 
 

Fig. 2 — (A) SWASV of 5 µM Bi(III) in 0.1 M acetate buffer 

(pH 4.5) at CFME. (B) SWASV of 500 nM Cd(II) and Pb(II) at 

(1) CFME, (2) CFME/Bi. [Deposition potential: -1.2 V; 

deposition time: 120 s; potential step. 5 mV; amplitude: 50 mV; 

frequency: 10 Hz]. 
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the presence and absence of bismuth ion in the 

solution using CFME is shown in Fig. 2B. In the 

absence of bismuth ion in the solution, the electrode 

did not show significant stripping current for Cd and 

Pb ions. On the contrary, a well-defined and sharp 

stripping peak at – 0.800 V for Cd(II)
 
and – 0.580 V 

for Pb(II) were observed for the in situ bismuth 

modified CFME. It is clear that bismuth formed 

fusible alloy
22

 easily with heavy metals and the 

sensitivity of Cd and Pb detection with the in situ 

bismuth modified CFME is better than with bare 

CFME.  
 

In order to attain the best stripping voltammetric 

behaviour of the in situ bismuth modified CFME with 

reasonable long-term electrochemical stability, the 

following selected parameters such as deposition 

potential, deposition time, pH and bismuth ion 

concentration in the solution were optimised.  
 

The effect of deposition potential and time of 

cadmium and lead detection on in situ bismuth 

modified CFME were investigated. The deposition 

potential was varied from –0.9 V to –1.5 V during 

which the peak currents of Cd(II) and Pb(II) were 

found to increase significantly. Beyond –1.2 V, the 

peak current was decreased due to the interference of 

hydrogen evolution, which may damage the metal 

alloy deposited on the electrode surface and decrease 

the stripping current signals at negative potentials
25, 26

. 

Therefore, the best deposition potential was assigned 

as –1.2 V and employed for the subsequent 

measurements.  
 

The relationship between stripping current and the 

deposition time for Cd(II) and Pb(II) at –1.2 V was 

investigated. The stripping current increased 

proportionally with time between 1 and 5 minutes. 

However, the current did not increase appreciably 

beyond 2 minutes. It is reported that a longer 

deposition time would increase the film thickness and 

affect the stripping behaviour
27

. Therefore, the 

deposition potential of -1.2 V and time 2 minutes 

were used for the following assays. 
 

The effect of pH of the deposition solution on 

Cd(II) and Pb(II) stripping peak current was studied. 

The stripping current of Cd(II) and Pb(II)
 
increased 

with pH between 3.0 and 4.5 and reached a maximum 

at value of 4.5. Beyond pH 4.5, current value 

decreased notably, which is attributed to the 

hydrolysis of Cd(II) and Pb(II)
 

in basic solution. 

Hence, a pH value of 4.5 was selected for subsequent 

measurements. 

The effect of bismuth ion concentration on the 

magnitude of stripping currents of Cd(II) and Pb(II) at 

a fixed concentrations (500 nM) of Cd(II) and Pb(II) 

in pH 4.5 acetate buffer solution was studied. It was 

observed that stripping current of Cd(II) and Pb(II) 

increased as the concentration of bismuth(III) 

increased up to 5 µM. Above this concentration, the 

stripping current was found to decrease, approaching 

a plateau. The decrease in stripping current is likely to 

be due to the instability of the bismuth film deposited 

at the CFME resulting from bismuth nucleating upon 

itself at these high concentrations. Therefore, the 

optimum Bi(III) concentration of 5 µM was chosen 

for the measurement of Cd(II) and Pb(II) analysis.  
 

Individual determination of Cd(II) and Pb(II) 

Figure 3 depicts the typical SWASV of Cd(II) in 

0.1 M acetate buffer solution (pH 4.5) with the in situ 

bismuth film modified CFME. The stripping 

voltammograms show a well-defined characteristic 

stripping peak around –0.790 V vs Ag/AgCl (3 M 

NaCl). The calibration plot of stripping current versus 

Cd(II) ion concentration indicates that the peak 

current increases linearly with Cd(II) concentration 

between 50-500 nM. The correlation coefficient of 

Cd(II) was found to be 0.9988 and the calculated limit 

of detection was 24 nM.  

The square wave anodic stripping voltammograms 

of Pb(II) in 0.1 M acetate buffer solution (pH 4.5) at 

an in situ bismuth film modified CFME is shown in 

Fig. 4. The figure shows the anodic voltammetric 

stripping peak at –0.570 V vs Ag/AgCl. The 

corresponding calibration plot shows that the peak 

 
 

Fig. 3 — SWASV of Cd(II) (50-500 nM) in 0.1 M acetate buffer 

(pH 4.5) at CFME/Bi. [Deposition potential: -1.2 V; deposition 

time: 120 s; potential step: 5 mV; amplitude: 50 mV; 

frequency: 10 Hz; Bi conc.: 5µM. Inset: Calibration plot of Cd(II)]. 
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current increases linearly with Pb(II) concentration in 

the concentration range 50-500 nM. The correlation 

coefficient of Pb(II)
 
was 0.9977 and the calculated 

limit of detection was 32 nM.  
 

Simultaneous detection of Cd(II) and Pb(II) 

Simultaneous determination of Cd(II) and Pb(II) 

was performed using the same parameters employed 

for the individual determinations. Mixtures containing 

50-500 nM of each metal were tested. Figure 5 shows 

the stripping voltammograms of Cd(II) and Pb(II) in 

0.1 M acetate buffer solutions (pH 4.5) using in situ 

prepared bismuth film modified CFME. The anodic 

stripping voltammogram showed well-defined 

characteristic stripping peaks around – 0.800 V and 

–0.580 V vs Ag/AgCl for Cd(II) and Pb(II) 

respectively. Compared to the individual performance, 

a 0.01 V shift in stripping peak potential was observed. 

The shift in peak potential indicates the formation 

fusible alloy of cadmium and lead with bismuth at the 

microelectrode surface. Further, the stripping of the 

fusible alloy required higher energy and hence a small 

shift in the peak potential was observed. The peak 

current increases linearly over the concentrations range 

of 50-500 nM for Cd(II) and Pb(II). The corresponding 

calibration plots indicates that the peak current 

increment is linear and resulted in a correlation 

coefficient of 0.9981 for Cd(II)
 
and 0.9973 for Pb(II). 

The calculated limit of detection (3σ) for Cd(II) and 

Pb(II) was 29 and 35 nM respectively. The present in 

situ modification shows good stability and repeatability 

with the relative standard deviation of 1.59 % for Cd(II) 

and 0.8 % for Pb(II) calculated from 20 consecutive 

measurements of total Cd(II) and Pb(II) of 50 µM. 

The limits of detection values of both individual as 

well as simultaneous detection of Cd(II) and Pb(II)
 

using in situ bismuth modified CFME are 24 ± 2, 

32 ± 2, 29 ± 2 and 35 ± 2 respectively. There is no 

significant variation in the limit of detection and 

linearity in the individual or simultaneous detections. 

Manivannan et al. observed a cross-interference effect 

due to interaction between Pb and Cd in boron-doped 

diamond electrodes
20

. Recently, Armstrong et al.
21 

observed a decrease in the sensitivity of the detection 

of Cd and Pd from a mixture. In the present case, a 

careful design of experimental protocols using in situ 

modified bismuth film CFME shows excellent 

sensitivity for both cadmium and lead individually as 

well as simultaneously, without any interference at 

nanomolar levels. It may be reasoned as follows; the 

microelectrode avoids the multilayer film formation, 

which leads to a complete stripping of the species 

from the electrode surface. In a recent study, 

substantial amount of Pb remaining on the boron 

doped diamond electrode surface after stripping at 

high concentration was reported
28

.  

 
Analytical application 

The accuracy of the in situ Bi modified CFME was 

assessed by determining the Cd(II) and Pb(II) levels in 

spiked tap water samples. Prior to analysis, the tap water 

was acidified by nitric acid to adjust the pH to a value of 

4.5. The successive standard additions of 50 nM of 

Cd(II) and Pb(II) were added to the tap water in the 

concentration of range 50-300 nM. After the deposition 

time of 2 minutes, SWV protocols were applied for a 

 
 

Fig. 4— SWASV of Pb(II) (50-500 nM) in 0.1 M acetate buffer 

(pH 4.5) at CFME/Bi. [Deposition potential: -1.2 V; deposition 

time: 120 s; potential step: 5 mV; amplitude: 50 mV; 

frequency: 10 Hz; Bi conc.: 5 µM. Inset: Calibration plot of Pb(II)]. 
 

 
 

Fig. 5— SWASV of Cd(II) and Pb(II) (50-500 nM) in 0.1 M 

acetate buffer (pH 4.5) at CFME/Bi. [Deposition potential: -1.2 V; 

deposition time: 120 s; Potential step: 5 mV; amplitude: 50 mV;  

Frequency: 10 Hz Bi conc.: 5 µM. Inset: Calibration plot of Cd(II) 

and Pb(II)]. 
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stripping analysis. Figure 6 shows the well-defined 

stripping peaks and linear standard addition plots with 

correlation coefficients of 0.9972. The present 

experiments demonstrate that it is possible to employ the 

optimised anodic stripping protocols to determine metals 

coexisting in a solution, without affecting the sensitivity 

at nanomolar concentration levels.  

In the present study, the electroanalytical 

performance of in situ bismuth film modified CFME 

for the individual as well as simultaneous detection of 

Cd(II) and Pb(II) is presented. The present modified 

electrode showed enhanced sensitivity at nanomolar 

level for the determination of Cd(II) and Pb(II). The 

enhanced sensitivity strongly depends on the modifier 

and the geometry of the electrode. Bismuth easily 

forms fusible alloy with the trace heavy metals and 

gives reasonable currents in the optimized 

experimental conditions. The detection limits are not 

affected for individual as well as simultaneous 

detection. The present modification could be 

successfully applied for on site analysis of trace heavy 

metals for environmental monitoring. Further study for 

its application in portable testing kits for environmental 

monitoring of trace heavy metals is in progress.  
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Fig. 6 — SWASV of Cd(II) and Pb(II) in tap water at CFME/Bi. 

[Deposition potential: -1.2 V; deposition time: 120 s; potential 

step: 5 mV; amplitude: 50 mV; frequency: 10 Hz; Bi conc.: 5 µM. 

Inset: Calibration plot of Cd(II) and Pb(II)]. 
 


