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Abstract:



Polypyrrole(PPy) nanowire modified electrodes were developed by template-free electrochemical method based on graphite electrode. The modified electrode was characterized by their amperometric response towards nitrate ions. Before reduction of nitrate ions, electrochemical solid-phase extraction (EC-SPE) of nitrate in/on modified electrodes was conducted. It is found that the unusual nanowired structure of polypyrrole layer (instead of well known cauliflower structure) allows us to increase the effective surface area of the electrode and subsequently the sensitivity. And the effects of electrochemical preparation parameters of PPy nanowire modified electrodes on their corresponding characters were evaluated. The experimental results show that the electrochemical preparation parameters of the modified electrodes such as scan rate, polymerization potential, temperature of polymerization solution and polymerization time have significantly effects on the morphology of PPy nanowires and subsequently effective surface area of the electrode and electroreduction current density of nitrate. The determination sensitivity may be varied according to the modification parameters. Under a certain polymerization conditions, the corresponding sensitivity reaches 336.28 mA/M cm2 and the detection limit is 1.52×10-6 M. The proposed method was successfully applied in the detection of nitrate in the real samples.
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1. Introduction


Conductive polymers have received considerable attention in recent years. They have unique optical, chemical, and electrical properties. They are very promising for practical applications in sensors and actuators, secondary batteries, electromagnetic shielding, anti-corrosions, and various electronic devices. Sensors and actuators assembled with conductive polymers nanowires have superior responding characters to their counterpart [1-3]. PPy nanowire, different from its counterpart of cauliflower structure, should be promising for a sensing application.



Nitrate usually exists in industrial wastewaters, polluted groundwater and radioactive solutions. Although nitrate itself is a non-toxic compound, it can be microbially reduced to nitrite, which is an essential precursor in the formation of nitrosamines, many of which have been shown to be potential carcinogens. The determination of nitrate has gained renewed attention in view of its relevance to pollution control. As a result, many methods for nitrate determination have been developed in recent years, for example, spectroscopic, chromatographic, and electrochemical detection, etc [4-9]. However, these methods are either laborious to perform or complicated or not sufficiently specific. Owing to the rapid response and simple use, sensors have been employed for analytical purpose [10-16]. Although some nitrate sensors based on PPy film have been developed [17-26], by our knowledge, the PPy nanowire modified sensors has not been reported. Recently PPy nanowires were successfully prepared on the electrode surface by templated-free method electrochemically in our laboratory. Modified with PPy nanowires, the electrode will have larger effective surface area and lower diffusion resistance than that modified with cauliflower PPy film. Electropolymerization parameters might affect the morphology of PPy. A detail study of these conditions enables optimization of the response of the prepared electrode to the NO3-, as well as aiding in the development of strategies toward the rational design of sensors. The PPy nanowires morphologies on the electrode surface are studied by scan electron microscopy. The selectivity, sensitivity and detection limit for the optimal PPy nanowires-based nitrate-selective electrode were improved greatly.




2. Experimental


Reagents


Pyrrole (Fluke) was purified by distillation under nitrogen atmosphere before use, stored at low temperature and protected from light. All other reagents were of analytical grade and were used without further purification. All solution were prepared with de-ionized water and deaerated with pure N2 for at least 20 min.




Apparatus


Polymerization of pyrrole and the electrochemical experiments are carried out in an environment of pure nitrogen using model PAR273A Electrochemical System (U.S.A.) controlled by a computer. SEM was taken at XL30 (PHILIPS, USA).




Preparation method of PPy nanowire modified electrodes


A three-electrode, one-compartment cell was used with a diameter of 6mm pretreated graphite rod working electrode, platinum wire counter electrode and saturated calomel reference electrode (SCE). Polymerization of pyrrole was performed by potential step or by cyclic voltammetry. Before polymerization conducted, electrolyte solutions were deaerated thoroughly with high purity nitrogen. Unless stated otherwise, all polymerization were conducted at ambient temperature and in aqueous solution containing 0.15 M pyrrole, 0.10 M LiClO4 and 0.10 M carbonate. The cauliflower PPy modified electrode was prepared by electropolymerization in electrolyte solutions just like above mentioned except no carbonate. The SEM pictures of the modified electrode surfaces were presented in figure 1.


Figure. 1. SEM pictures of polypyrrole modified electrode surface. (A: Nanowires; B: cauliflower).
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Measurement


Freshly prepared PPy film electrodes were usually conditioned in 0.10 M HClO4 solution for 24-hour to remove the carbonate ions. Characterization of the modified electrode was conducted in a conventional three-electrode cell, and the electrodes used are the same as above mentioned. Supporting electrolyte is 0.50 M H2SO4. The corresponding electroreduction current density was obtained by electrochemical solid-phase extraction method [27-28]. In order to obtain the same electroreduction current coming from PPy, the PPy must be preoxidized to its original state before each determination. So, the double potential step process was used. The optimal EC-SPE conditions were determined by our experiment, the first potential step is to preoxidize the PPy nanowires at 0.85 V for 300s, while the nitrate ions is EC-SPE in/on the PPy nanowires, and the second potential step is to reduce the nitrate ions at -0.15 V for 100s. Unless stated otherwise, all experiments were conducted at ambient temperature.





3. Results and discussion


3.1. Cyclic voltammetry investigations of NO3- at PPy nanowires modified electrode


Figure 2 shows the cyclic voltammetric response of the nitrate reduction at PPy nanowire modified electrode. Curve 1 represents the cyclic voltammetric curve of the modified electrode in 0.50 M H2SO4 solution at scan rate of 5 mVs-1. Curve 2 and curve 3 represent the cyclic voltammetric curves of the modified electrode in 0.5 M H2SO4 solution containing 2.2 mM and 3.6 mM NaNO3, respectively, at scan rate of 5 mVs-1. This figure shows that the electroreduction of nitrate and PPy almost at the same potential. Consequently, this reduction peak at about -0.100 V can be attributed to the electroreduction of the nitrate and PPy. Based on this phenomenon, the determination of NO3- with this modified electrode should be practically.


Figure 2. Cyclic voltammetric curves of PPy nanowire modified electrode with a scan rate at 5 mVs-1 in 0.5 M H2SO4 solution containing: (1) no NO3-; (B) 2.2 mM NO3-; (C) 3.6 mM NO3-.
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3.2. Effect of polymerization potential on the response characteristics


PPy nanowire modified electrodes were prepared potentiostatically under potential of 0.75 V, 0.80 V, 0.85 V, 0.90 V, and 0.95 V vs SCE for 150-second, respectively. Figure 3 is the SEM pictures of PPy nanowires at 0.75 V, 0.85 V, and 0.95 V. From the picture, we can know that the diameters of nanowires increase from 50 nm for 0.75 V up to 80 nm for 0.85 V, and further increased to about 300 nm for 0.95 V. The figure also clearly shows that the PPy formed at 0.95 V has a loose structure than that formed at low potentials. The relationship between the polymerization potential and the corresponding electroreduction current density of nitrate was shown in figure 4. In order to compare the real effect of polymerization temperature, the corresponding reduction current densities of the modified electrodes for a unit polymerization charge were also shown in the figure. The data are obtained by divided their current densities by polymerization charges. Figure 4 indicates that the corresponding electroreduction current densities of nitrate for a unite polymerization charge and total charge reaches the maximum when the polymerization potential is 0.85 V. When PPy is polymerized at low potentials, the reduction current densities at the modified electrodes increase with the increase of polymerizatyion potentials. This phenomenon is mainly due to the increase of effective surface areas of the modified electrodes. When PPy is polymerized at potential higher than 0.85 V, the corresponding current densities gets less with the polymerization potentials gets higher. This tendency is mainly attributed to the degradation of PPy at high potentials. The results indicate that the corresponding reduction current density is determined not only by the effective surface areas of the electrodes, but also the structure of the modified PPy nanowires.


Figure 3. The SEM pictures of polypyrrole nanowires prepared potentiostatically at different potentials (A) at 0.75 V; polymerization charge 81.58 mC; (B) at 0.85 V; polymerization charge 144.95 mC; (C) at 0.95 V; polymerization charge 191.56 mC.
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Figure 4. The effect of polymerization potential on the corresponding electroreduction current density of nitrate at PPy nanowire modified electrode. Electrolyte: 0.5 M H2SO4; nitrate concentration: 0.015 M.
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3.3. Effect of polymerization temperature on the response characteristics


Temperature has a significant effect on the polymerization rate of PPy. The higher the polymerization temperature is, the higher the polymerization rate, and thus the higher surface area electrode obtained. Figure 5 is the SEM pictures of PPy nanowires obtained at 283.15 K and 293.15 K potentiostatically under potential of 0.85 V vs SCE for 100-second. From the picture, we can know that the length of nanowires increases with the increase of the polymerization temperature, but the diameters have no obvious change. Figure 6 is the relationship between the polymerization temperature and the reduction current density of nitrate ions. As can be seen, the electroreduction current density for a unite polymerization charge at the modified electrode decreases with the increase of polymerization temperature. This is mainly attributed to the conductivity reduction of PPy prepared at higher temperature. Electroreduction current density for total charge increases with the increase of polymerization temperature. This is due to the increase of the effective surface of nanowires modified prepared at higher temperature. Under the same polymerization time, the polymerization charge increases with the increase of the temperature, which causes the increase of electroreduction current density of total charge. When the temperature is low, the polymerization reaction rate is very slow. So the suitable temperature to polymerize pyrrole is about 288.15 K. These results indicate that the corresponding reduction current density is also related to the conductivity of the modified PPy nanowires.


Figure 5. The SEM pictures of polypyrrole nanowires prepared potentiostatically at 0.85 V for 150-second at different temperature. (A) 283.15 K; polymerization charge 48.58 mC; (B) 293.15 K; polymerization charge 90.26 mC.
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Figure 6. The effect of temperature on the corresponding electroreduction current density of nitrate at PPy nanowire modified electrode. Electrolyte: 0.5 M H2SO4; nitrate concentration: 0.015 M.
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3.4. Effect of polymerization time on the response characteristics


Varying the polymerization time can effectively control the polymerization charge. At the same polymerization potential, the longer the polymerization time is, the more polymerization charge passes. Figure 7 is the SEM pictures of PPy nanowires prepared potentiostatically under potential of 0.85 V vs SCE with 40-second, 150-second, 350-second. The pictures clearly show that the diameters of the formed PPy nanowires almost have no change with the increase of polymerization time, but the length of nanowires increases. Figure 8 is the effect of polymerization time on the corresponding electroreduction current density. The corresponding currents of the electrodes indicate that the current density increases with the increase of polymerization time. The reason is that the effective area of the modified electrodes increases. The curve about corresponding current density for a unit charge in the figure shows that the current density firstly increases with the increase of polymerization time and then decreases when the time exceeds 150-second. This is due to the increase of effective surface for a unit charge at first, but when the polymerization time exceeds 150-second, the diffusion resistance increases with the increase of the thickness of film and the effective surface does not change obviously with the increase of polymerization time. In addition, the film is not well–adhered to the electrode surface when the film is too thick. So the suitable polymerization time to prepared modified electrode is 150-second ∼250-second.


Figure 7. The SEM pictures of polypyrrole nanowires prepared potentiostatically at 0.85 V with different polymerization time (A) 40-second; Polymerization Charge 49.19 mC; (B) 150-second; Polymerization Charge 186.57 mC; (C) 350-second; Polymerization Charge 893.01 mC.
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Figure 8. The effect of polymerization time on the corresponding electroreduction current density of nitrate at PPy nanowire modified electrode. 0.5 M H2SO4; nitrate concentration: 0.015 M.
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3.5. Effect of scan rate, upper anodic potential limits and number of cyclic voltammetric during polymerization of PPy on response characteristics of modified electrodes


PPy nanowires modified electrodes were also prepared by cyclic voltammetric method (CV). The potential scan range is 0.00-0.80 V vs SCE and the scan rate is form 5 mVs-1 to 200 mVs-1. Figure 9 is the SEM pictures of PPy modified electrodes prepared at 5 mVs-1 and 200 mVs-1. From the picture, we can see that the diameters of nanowires prepared at different scan rate have no obviously difference and the lengths are obviously difference with various scan rates. When prepared with 200 mVs-1, it is more suitable to call the formed PPy as nanoparticles. Figure 10 is the relationship between the scan rate during polymerization of pyrrole and the corresponding electroreduction current density of nitrate. This figure shows that the lower the scan rate during polymerization of pyrrole is, the higher the electroreduction current density of nitrate is. This is caused by the higher effective surface area of the electrodes prepared at lower scan rate. The curve indicates that the corresponding current density is proportional to the amount of PPy formed at the electrode. Curve in figure 9 shows that the electrode prepared at scan rate of 50 mVs-1 has the highest corresponding reduction current density. The corresponding current of the electrodes might be affected by the aggregation state of PPy molecular chains which might be determined by the interval time of the applied potentials. The state of PPy molecular chain was determined by polymerization rate, deposition rate and its structural relaxation. PPy nanowires obtained at scan rate of 50 mVs-1 has favorable response towards electroreduction of nitrate.


Figure 9. The SEM pictures of polypyrrole nanowires prepared by cyclic voltammetry between 0.00-0.80 V. (A) at the scan rate of 5 mVs-1; polymerization charge 281.44 mC; (B) at the scan rate of 200 mVs-1; polymerization charge 16.254 mC.



[image: Sensors 05 00580f9]





Figure 10. The effect of electropolymerization scan rate on the corresponding electroreduction current density of nitrate at PPy nanowire modified electrode. Electrolyte: 0.5 M H2SO4; 0.015 M NaNO3.
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The effect of upper anodic potential limits of cyclic voltammetric polymerization and the effect of scan number of cyclic voltammetric polymerization on the electroreduction current density is also studied. Figure 11 and figure 12 respectively show the corresponding electroreduction current density of nitrate at the PPy nanowire modified electrodes. Figure 11 shows the electroreduction current density reaches the maximum when the polymerization potential is 0.85 V. The reason is just as above mentioned. Figure 12 indicates that the electroreduction current densities at the modified electrodes increase with the increase of cyclic voltammetric scan number in polymerization process. When the polymerization charge is too large, the increase degree of the current density is getting less with the increase of polymerization charge. This result demonstrates that the increase degree of effective surface area of modified electrode is more significantly for a thin PPy film than that of thick film. When the polymerization charge is higher than a certain values, the effective surface area will no obviously increase.


Figure 11. The effect of electropolymerization of upper anodic potential limits (CV) at scan rate of 50 mVs-1 on the corresponding electroreduction current density of nitrate at PPy nanowire modified electrode. Electrolyte: 0.5 M H2SO4; 0.015 M NaNO3.
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Figure 12. The effect of electropolymerization CV number at scan rate of 50 mVs-1 on the corresponding electroreduction current density of nitrate at PPy nanowire modified electrode. Electrolyte: 0.5 M H2SO4; 0.015 M NaNO3.
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3.6. Effect of test solution pH


The effect of pH on the response of NO3- at the modified electrode was investigated with pH at 0.5, 1.0, 1.5, 1.7, 2.5, 3.5, 5, 6 and 7.0, respectively. Figure 13 is the relationship between electroreduction current density and pH. The figure shows that the electroreduction current density of nitrate increases with the decreasing pH value until it reaches about 1.5. Further decrease the solution pH, the reduction currents has no obviously change. Therefore, the determination of NO3- was conducted under pH in the range of 0.5∼1.5.


Figure 13. Relationship between electroreduction current density and pH at PPy nanowire modified electrode.
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3.7. Interference study


During redox process, anions or cations might be inserted or expelled from the conductive polymers. When doped with small anions, the motion of anions is predominate to maintain the electro-neutrality of the polymers. When the test solution contains coexisting anions, the coexisting anions will compete the adsorption site with nitrate ions, and so the determination of nitrate may be affected by coexisting anions. The effects of coexisting anions such as sulfate ions, perchlorate ions, phosphate ions and chloride ions, etc. on the electroreduction of nitrate current density were carried out. The experimental results demonstrate that the coexisting anion will low the responding current density of nitrate ions. The higher the charge and the higher the concentration of the coexisting ions are, the lower the electroreduction current density of nitrate is. The experimental results also show that the larger anions have less effect on the reduction current density while they pose the same charge. But when the concentration of coexisting anions is higher than 0.2 M, the electroreduction current density of nitrate ions almost does not change with the increase of concentration of coexisting anions. So, the effect of the coexisting anions can be controlled by adding enough coexisting anions and eliminated by standard calibration curve method.




3.8. Reproducibility and stability of the modified electrode in Determination of NO3-


The behavior of PPy nanowires modified electrode prepared by cyclic voltammetry (CV) between 0.00-0.85 V with three circles at scan rate of 50 mVs-1 has been characterized. Figure 14 shows the relationship between electroreduction current density and nitrate concentration. From the figure, we can conclude that there is good linearity and sensitive response between the nitrate concentration and the electroreduction current density. The slope of the corresponding curves (the sensitivity) is 336.27 mA/M cm2, linear correlation coefficient is 0.9978. Table 1 shows the static results from the analytical results (N=5). From the table, we can know that the standard deviation of the analytical method is 0.03962, and the relative standard deviation for 4×10-5 M is 1.896 % (N=5). The detection limit is 1.52×10-6 M (2s, confidence interval 95%).


Figure 14. Relationship between electroreduction current density and nitrate ion concentration at PPy nanowire modified electrode. Supporting electrolyte: 0.50 M H2SO4.
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Table 1. The comprehensive results about the amperometric determination of nitrate.







	
J(mA/cm2)

	
Standard deviation

(SD)

	
Mean

	
RSD(%)






	
4.947

	

	

	




	
4.932

	

	

	




	
4.915

	
0.09258

	
4.8822

	
1.896




	
4.897

	

	

	




	
4.720

	

	

	










The stability of the modified electrode was also investigated. The modified electrode had been stored in 0.1 M lithium perchlorate at room temperature for one month without any protection and the response current was almost the same for the determination of NO3-.




3.9. Applications


Two samples of water were collected from the underground water and drinking water of Tianjin district. The nitrate concentrations of the samples were determined by the proposed method. At the same tome, the contents of nitrate were also determined by Ion chromatographic method. The nitrate concentrations obtained from the two methods were listed in Table 2. The table shows that there are not obvious differences found between the proposed method and the ion chromatographic method.



Table 2. Comparison between a standard Ion chromatography method and the proposed method for nitrate determination.







	
Samples

	
(A) Proposed method

(10-4 mol 1-1)

	
(B) Ion chromatography

(10-4 mol 1-1)

	
(B-A)/B (%)






	
water

	
1.163

	
1.221

	
4.75




	
River

	
4.742

	
4.839

	
2.01








Average values of five determinations.










4. Conclusions


The present work reveals that PPy nanowire is largely different from the cauliflower structure. The PPy nanowire modified electrodes have high effective surface area, low diffusion resistance and high electroactivity. The preparation conditions of nanowires have significantly effects on the morphology of PPy nanowires and then the electroreduction current density of nitrate. PPy nanowires modified electrode prepared under the optimal polymerization conditions can detect NO3- at the micromolar level. The sensitivity and the detection limit of the modified electrode are 336.28 mA/M cm2 and 1.52×10-6 M, respectively. The proposed method will be a promising way for the detection of NO3- in real samples.
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