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Preanodization of the Nafion-coated glassy carbon electrode (NCGCE) results in a large increase in the squarewave voltammetric peak current of dopamine (DA) with an excellent detection limit of 4.7 nM (S/N ) 3) in pH 7.4 phosphate buffer solution. Chronocoulometry showed an increase in double-layer charge and the adsorption control of charge transfer. The surface coverage was calculated to be 3.1 × 10-10 mol/cm2, reminiscent of a monolayer coverage. The cause for such an increase in peak current on preanodization is unraveled using impedance measurements. The result reveals that the bulk resistance of Nafion is reduced progressively, and hence more solvent is found to permeate into the NCGCE, at more anodic preanodization potentials. The increase in the fraction of ion clusters in the bulk polymer exposing more SO3- and thus more cationic DA is exchanged to maintain the electroneutrality. The GCE/Nafion interfacial charge also increased with the preanodization potential due to the induction of >CdO on the GCE surface. The interaction of the >CdO with DA, possibly through hydrogen bonding, is envisaged to further increase the sensitivity in DA detection. An accurate determination of dopamine (DA) and uric acid (UA) in biological samples by a voltammetric method has been a challenging task due to severely interfering compounds, such as ascorbic acid (AA) and 3,4-dihydroxyphenylacetic acid (DOPAC).1-7 The signal obtained for DA or UA is always obscured within the huge signal of AA and DOPAC, as they are present at relatively higher concentrations.1-3 One way of avoiding such interference is to coat the electrode surface with ionomers, which can * Corresponding author: (fax) 886-4-2862547; (e-mail) [email protected]. (1) Amatore, C.; Kelly, R. S.; Kristensen, G. W.; Kuhr, G. W.; Wightman, M. R. J. Electroanal. Chem. 1986, 213, 31. (2) Zetterstrom, T.; Sharp, T.; Marsden, C. A.; Ungersteadt, U. J. Neurochem. 1983, 41, 1769. (3) Capella, P.; Ghasemzadeh, B.; Mitchell, K.; Adams, R. N. Electroanalysis 1990, 2, 175. (4) Feng, J.-X.; Brazell, M.; Renner, K.; Kasser, R.; Adams, R. N. Anal. Chem. 1987, 59, 1863. (5) Kristensen, E. W.; Kuhr, W. G.; Wightman, R. M. Anal. Chem. 1987, 59, 1752. (6) Lua, Y. Y.; Chien, J. B.; Wong, D. K. Y.; Ewing, A. G. Electroanalysis 1991, 3, 87. (7) Niwa, O.; Morita, M.; Tabei, H. Electroanalysis 1994, 6, 237. 10.1021/ac981009a CCC: $18.00 Published on Web 06/04/1999
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selectively accumulate the desired analyte.3-7 For example, in UA detection, the interference of AA can be avoided by coating the electrode surface with Nafion and then selecting the pH at 5. In the accumulation step, the anionic AA (pKa ) 4.1) cannot get into the Nafion film due to the Donnan force, and thus, only UA alone can be preconcentrated. The same approach can also be applied for DA estimation except at pH 7.4.8,9 Recently, our group reported an interesting observation that the selectivity and sensitivity of UA detection is dramatically improved when the Nafion-coated glassy carbon electrode (NCGCE) or a bare GCE is preanodized at +2.0 V vs Ag/AgCl.10 Using reflective-mode FT-IR spectroscopy, we successfully determined that the enhancement of sensitivity on a preanodized bare GCE is from the direct interaction of UA through hydrogen bonding with the surface functional group >CdO generated during preanodization. Unfortunately, obtaining such direct spectroscopic evidence in the NCGCE is rather difficult due to the presence of the Nafion film. We proposed that the permselectivity of the Nafion film coupled with hydrogen bonding enhanced the heterogeneous electron-transfer rate constant on the preanodized NCGCE. In this paper, the preanodized NCGCE was further applied to DA determination. Note that similar enhancement in sensitivity was also observed for various compounds, such as catechol, serotonin, and epinephrine. The improvement in sensitivity on preanodization of the NCGCE seems to be a common phenomenon for the compounds that contain aromatic hydroxyl groups. Thus, a detailed study on the alterations in the interfacial properties of both the GCE/Nafion and the Nafion/solution interfaces along with the changes in bulk properties of Nafion warranted an understanding of the mechanism of the observed increase in sensitivity. The above task can be accomplished with the help of ac impedance spectroscopy. In principle, measurement of impedance over a sufficiently wide range of frequencies can yield detailed quantitative information on dynamic of charge transport across the bulk polymer for polymer-modified electrodes. The impedance/frequency data recorded can supply essentially all the information that can be obtained by a joint application of other electrochemical techniques. Moreover, the different charging (8) Zen, J.-M.; Chen, P.-J. Anal. Chem. 1997, 69, 5087. (9) Zen, J.-M.; Wang, W.-M.; Ilangovan, G. Anal. Chim. Acta 1998, 372, 379. (10) Zen, J.-M.; Jou, J.-J.; Ilangovan, G. Analyst 1998, 123, 1345.
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components can be evaluated by this unique method whereas other electrochemical techniques can only yield a convoluted response. This paper reports an extensive impedance study on the preanodized NCGCE with reference to its performance in DA detection. EXPERIMENTAL SECTION Chemicals and Reagents. DA was obtained from Sigma (St. Louis, MO). Nafion perfluorinated ion-exchange powder, 5 wt % solution in a mixture of lower aliphatic alcohols and 10% water, was obtained from Aldrich (Milwaukee, WI). All other chemicals used are ACS certified grades obtained from Aldrich. The experimental solutions were made with deionized and double distilled water. Apparatus. Conventional three electrodes setup was used for square-wave voltammetry (SWV) and ac impedance experiments. A BAS model VC-2 electrochemical cell was employed in these experiments. The three-electrode system consisted of either a GCE or NCGCE as working electrode, an Ag/AgCl reference electrode (model RE-5, BAS), and a platinum wire auxiliary electrode. SW voltammograms were recorded with a BAS CV50W electrochemical analyzer. The impedance measurements were done on the Autolab frequency response analyzer with FRA2 module that was controlled by IBM-compatible PC. The electrochemical impedance of the preanodized NCGCE was measured at 10 discrete frequencies per decade from 0.01 Hz to 100 kHz at amplitude of 5 mV (rms). The acquired data were analyzed on the basis of equivalent electrical circuits by a nonlinear leastsquares method using a fitting software, EQIVCT, elaborated by Boucamp.11 Fitting constraints were imposed in such a way that further iterations will be stopped when the χ2 change is less than 0.001% as compared to the previous iteration. The fit was assessed from minimum χ2, correlation matrix, and relative error distribution plots. Less than 5% fluctuations between the experimental and fit data were assumed satisfactory in confirming validity of the selected fitting circuit. In the equivalent circuit analysis, the GCE/Nafion interfacial capacitance was represented by a constant-phase element (CPE), instead of Cdl. To replace Cdl with CPE is in accordance with our experimental observation that the impedance data for a standard reversible redox system, Fe(CN)63-/4-, on a bare GCE fitted well with the use of CPE in the conventional Randle circuit. This result indicated that without any pretreatment the frequency distribution occurs to some extent even on a bare GCE. Procedure. The GCE with a 3-mm diameter was polished with a polishing kit (BAS) and Nafion (6 µL) solution of the desired weight percent was spin-coated at 3000 rpm. The electrochemical impedance was measured for quiescent solutions at the desired imposed dc potentials after equilibrating the preanodized NCGCE in DA in pH 7.4 buffer solution for 5 min. Before the experiment, the solution was further deoxygenated with argon for 10 min. Preanodization of the NCGCE was performed in buffer solution at a preset potential for 15 s and then the electrode was transferred to DA solution for measurements. The NCGCE can be easily renewed since the preanodization procedure itself can result in a renewed electrode. (11) Boukamp, B. Solid State Ionics 1986, 20, 31.
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Figure 1. SW voltammograms of 20 µM DA in pH 7.4 phosphate buffer at GCE (a,b) and NCGCE (c,d) without (a,c) and with (b,d) electrochemical pretreatment. Conditions: Pa ) 1.9 V; ta ) 15 s; tp ) 20 s at open circuit.



RESULTS AND DISCUSSION Electrochemical Behavior. It is well-known that the sensitivity of SWV of an adsorbed species is proportional to the degree of reversibility of the electrochemical reaction.12,13 Since the DA redox couple showed a more reversible behavior at the preanodized NCGCE (∆Ep ) 22 mV) than at the NCGCE (∆Ep ) 136 mV), a clear advantage of using the SW mode at the preanodized NCGCE is expected.10,14,15 The SW voltammograms for 20 µM DA at a bare GCE and the NCGCE with or without preanodization are illustrated in Figure 1. As can be seen, without preanodization, the DA oxidation virtually did not give any considerable peak current either on a bare GCE or on the NCGCE. For preanodized GCE and NCGCE, the oxidation currents are very pronounced with the same peak potentials at (0.17 V. This result implies that the electron-transfer kinetics is not altered on preanodization and only the concentration of analyte increases on or near the electrode surface. Note that the considerably increasing background current upon preanodization at both the bare GCE and the NCGCE clearly indicates an alternation of the electrode surfaces. It was reported earlier that preanodization of a polished bare GCE will introduce surface functional groups while its slow oxidation and reduction yield huge background current.16 It was proposed that the preanodized GCE surface becomes more porous due to multilayer oxide formation and the preanodized bare GCE behaves as a polymer-modified electrode.17 They have also proposed that such a modified surface has interaction through π and/or n electrons of oxides formed on the surface during the preanodization and may possibly lead to an enhanced adsorption. Our own result for UA detection further indicated the hydrogen bonding between the surface functional group >CdO and N-H (12) Lovric, M.; Branica, M. J. Electroanal. Chem. 1987, 226, 239. (13) Lovric, M., Komorsky-Lovric, S. J. Electroanal. Chem. 1988, 248, 239. (14) Zen, J.-M.; Tang, J.-S. Anal. Chem. 1995, 67, 1892. (15) Zen, J.-M.; Ting, Y.-S. Anal. Chim. Acta 1997, 342, 175. (16) Ilangovan, G.; Chandrasekara Pillai, K. Langmuir 1997, 13, 566. (17) Barbero, C.; Silber, J. J.; Sereno, L. J. Electroanal. Chem. 1988, 248, 321.



Table 1. Chronocoulometrya at the NCGCE with/ without Preanodization intercept electrolytes



anodic (µC)



cathodic (µC)



pH 7.4 phosphate buffer pH 7.4 phosphate bufferb 5 µM DA in pH 7.4 phosphate buffer 5 µM UA in 7.4 phosphate bufferb



0.42 5.51 0.64 9.33



-0.08 -4.28 -0.28 -5.22



a Experimental conditions: E ) -0.2 V; E ) 0.6 V; pulse, 250 ms; i f 20 s of preconcentration at open circuit. Intercepts were obtained from b Anson plots. Electrochemical pretreatment conditions: Pa ) 2.0 V; ta ) 15 s.



Table 2. Parameters for the Circuit Elements Evaluated by Fitting the Impedance Data to the Equivalent Electrical Circuit for the NCGCE Preanodized at Various Potentials



Qdl (µF/cm2) n Rb (10-3 Ω) Cb (µF/cm2) Rct (10-3 Ω) Rfs (10-3 Ω) Cfs (µF/cm2) Rs (Ω)



Pa/1.3 V



Pa/1.5 V



Pa/1.7 V



Pa/1.9 V



Pa/2.1 V



2.37 0.75 58.9 12.93 145.1 536.0 227.14 116.9



2.77 0.81 57.1 19.67 58.6 226.4 442.28 123.4



3.64 0.81 42.1 59.43 24.0 324.0 269.14 110.4



47.87 0.87 0.13 70.14 465.0 1.3 117.57 121.1



89.86 0.88 0.02 974.29 441.0 0.6 152.57 131.9



of UA.10 The enhancement observed in the present work is also due to the cooperative interaction of surface functional groups and the analyte. On the other hand, quantitative comparison of traces b and d of Figure 1 reveals that both peak and background currents are higher at the NCGCE. Thus, apart from the GCE surface alterations, Nafion should also undergo some changes during preanodization as understood more by ac impedance. The relative contribution of the two factors to the enhancement is studied further in a later section. Chronocoulometry of these electrodes yielded interesting results as summarized in Table 2. For the NCGCE, regardless of preanodization, the intercepts of the Anson plots in both the forward and reverse steps are almost the same in buffer solution. However, the charge for preanodized NCGCE in buffer solution is more than 10 times higher in both forward and reverse steps. Such a higher charge was also observed at preanodized GCE (not included in Table 1). Since this charge corresponds to the doublelayer charg on the applied potential, the large difference obviously shows that the double-layer charge increases on preanodization. Indeed, for preanodized GCE, this phenomenon is attributed to the introduction of surface functionalities, such as >CdO and >C-OH, due to surface oxidation. A positive interaction of surface >CdO group and UA by hydrogen bonding has been observed to be responsible for the activation of the electrode.10 Nevertheless, the observed increase in double-layer charge for preanodized NCGCE is a convoluted response since the changes in Nafion morphology can also contribute considerably as discussed later. The result that the forward and reverse intercepts are the same again on the NCGCE without preanodization in DA solutions indicates a nonadsorption behavior for DA. Nevertheless, adsorption-controlled charge transfer did happen in preanodized NCGCE in DA solution due to the higher intercept in the forward step



Figure 2. Effect of Pa on SWV peak current of 20 µM DA at the NCGCE. Conditions are the same as in Figure 1 except ta ) 10 s.



than in the reverse step. More evidence of the adsorptioncontrolled behavior was confirmed in linear sweep voltammetry, in which the peak current vs scan rate was linear up to 200 mV/ s. The surface coverage, 3.1 × 10-10 mol/cm2, is calculated from the net charge (4.11 µC) for the preanodized NCGCE, reminiscent of a monolayer surface coverage. The surface coverage obtained is in the same order as reported for DA adsorption on preanodized GCE and is also close to the calculated value of 5.2 × 10-10 mole/ cm2.18,19 Analytical Optimization and Characterization. To arrive at the optimum conditions for DA detection on the preanodized NCGCE, both the electrode conditions and SW parameters must be optimized. As to the electrode conditions, the preanodization potential (Pa), preanodization time (ta), and Nafion composition were considered. The effect of Pa on the NCGCE is shown in Figure 2. As can be seen, the peak current shows little change up to 1.7 V and increases very steeply after that. The cause for such a steep rise is understood by using impedance spectroscopy as described later. The preanodization time also has a tremendous influence on the peak current which increases linearly with ta and shows saturation around 15 s. From the above results, Pa ) 2.0 V and ta ) 15 s are fixed for the detection of DA. The nafion weight percent in preparing the NCGCE was varied as another electrode parameter, and maximum peak current was observed for 4 wt % solution as shown in Figure 3. An increase in Nafion weight percent obviously increases the film thickness and, thus, the ionexchange capacity. However, an excessive thick film may render difficulties in mass transfer and result in a decrease in current response. Chronocoulometry results show that the charge transfer for DA on NCGCE is adsorption controlled. The analyte is not expected to diffuse through the Nafion film, and hence, the thickness of the Nafion film should have no influence on the peak current. However, during redox changes of the analyte, the counterions diffuse in/out in order to maintain the electroneutrality. Thus, their movement inside the film will be restricted if the film is too thick, leading to a decrease in peak current. (18) Anjo, D. M.; Kahr, M.; Khodabakhsh, M. M.; Novinski, S.; Wagner, M. Anal. Chem. 1989, 61, 2603. (19) Soriaga, M. P.; Hubbard, A. T. J. Am. Chem. Soc. 1982, 104, 2735.
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Figure 3. Effect of Nafion coating on SWV peak current for DA oxidation on the NCGCE. Conditions are the same as in Figure 2.



Moreover, similar observations of lower SWV peak current at thick Nafion film has been reported.10 The other major factors that should be considered are the preconcentration time (tp) at open circuit and the SW parameters. Using the preanodization condition mentioned above, the effect of tp was studied and the peak current was found to increase initially and attain saturation around 30 s. A tp of 30 s was therefore chosen for all subsequent electrochemical measurements. As to the effect of SW parameters, the best signal-to-background current characteristics can be obtained with the following instrumental settings: modulation amplitude, 40 mV; modulation frequency, 50 Hz; modulation step, 4 mV. Since DA and AA coexist in many biological samples and AA is a serious interference, its effect was investigated in detail. Under optimum conditions, the SW voltammograms indicated almost no change in peak current for 1 µM DA regardless of the presence of 1 mM AA. Though the oxidation potentials of UA and AA are close, AA is not detected because it exists as anion at pH 7.4 and is unable to enter the Nafion film. The preanodized NCGCE was very sensitive for DA detection. A linear calibration curve up to 3.8 µM was obtained with slope and correlation coefficient of 30.71 (µA/µM) and 0.999, respectively. The detection limit is as low as 4.7 nM (S/N ) 3). To characterize the reproducibility of the NCGCE, repetitive measurements/regeneration cycles were carried out at 1 µM DA. The reproducibility was excellent with results of 15 successive measurements that showed only 1.6% coefficient of variation. Impedance Analysis. Figure 4 shows the basic features of the NCGCE/solution interface, the generalized equivalent circuit, and the Nyquist plot simulated for the equivalent circuit of the NCGCE.20 The Nafion morphology, as shown in Figure 4a, is represented by hydrated SO3- headgroups and counterion clusters (zone C) are interconnected by short channels (zone B) immersed in a fluorocarbon backbone network (zone A). Because of the strongly hydrophobic backbone and highly hydrophilic terminal group, it is not surprising that some form of phase separation occurs in Nafion. The ac perturbation in the interface can be (20) Sharp, M.; Sethson, B. L.; Lind, E.-L. J. Electroanal. Chem. 1993, 345, 223.
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Figure 4. Schematic figure (a), equivalent circuit (b), and resulting impedance spectrum (c) of the NCGCE. Physicochemical characteristics modeled by different circuit components are specified in text. The value of n ) 1 for CPE was used to simulate the Nyquist plot.



represented by a modified Randles equivalent circuit to accommodate the influences of the additional heterogeneous polymer phase.21 Various physical models have been advocated for both ionic and electronically conducting redox polymers to account for the so-called “finite length effects”.22-25 The charge transport in a thin polymer film is limited by the finite film thickness. The charge propagation within a polymer depends on both the nature of the polymer and the level of doping. For redox polymers, such as polyaniline and polypyrrole, the conductivity across the electrode to solution is partly controlled by the redox reaction of the polymer itself, the counterionic movement, and self-exchange between redox centers in the polymer. Whereas, for ionomers such as Nafion, it is achieved mainly through either ionic movement or electron self-exchange between dopant ions.26,27 For maximum doping level, the self-exchange mechanism is predominantly viable (21) Randles, J. E. B. Discuss. Faraday Soc. 1947, 1, 11. (22) Ho, C.; Raistrick, I. D.; Huggins, R. A. J. Electrochem. Soc. 1980, 127, 343. (23) Mathias, M. F.; Haas, O. J. Phys. Chem. 1992, 96, 3174. (24) Albery, W. J.; Elliot, C. M.; Mount, A. R. J. Electroanal. Chem. 1990, 288, 15. (25) Albery, W. J.; Mount, A. R. J. Chem. Soc., Faraday Trans. 1993, 89, 327. (26) Buttry, D. A.; Anson, F. C. J. Am. Chem. Soc. 1983, 105, 685. (27) Anson, F. C.; Blauch, D. N.; Saveant, J.-M.; Shu, C.-F. J. Am. Chem. Soc. 1991, 113, 1922.



since the communication to the neighbor species becomes easy and an adsorption-controlled charge-transfer characteristic results.27 Whereas, for physical displacement of the redox ion across the film that is typically at lower loading, it essentially exhibits a diffusion-controlled characteristic.27 The GCE/Nafion interface is represented by a CPE in parallel connection with a charge-transfer resistance (Rct) (Figure 4b). Although generally the double-layer capacitance is represented by a pure capacitor (Cdl), it failed to fit into the observed impedance data in many instances. Usually, the capacitance line in a Nyquist plot at a lower frequency region inclined constantly by an angle R between 0 and 45°. The deviation from vertical for an ideal capacitor is attributed to the dispersion of frequency due to the rough surface that is often associated with a solid electrode.28 The inhomogenities of the electrode surface manifest themselves in the equivalent circuits by a CPE instead of a pure capacitor. ZCPE ) 1/T(jω)n, where T ) Cdl only when n ) 1, and n is related to R by R ) (1 - n)90°. So, R ) 0 and n ) 1 for a perfect capacitor, and lower n values directly reflect the roughness of the electrode. ZD of Figure 4b represents the mass transport limitation through bulk polymer. The parallel combination of bulk resistance (Rb) and bulk capacitance (Cb) represents the bulk dielectric properties of Nafion. To maintain the electroneutrality within the Nafion film, the cations/anions extrude into the Nafion film. Thus, the circuit is accommodated by the inclusion of additional Rfs and Cfs in parallel combination. Finally, the circuit is terminated with the Rs in serial connection, representing the solution resistance and uncompensated potential drop (if it at all arises due to the resistance in the external circuit mainly at connections for the electrodes). In the Nyquist plot (Figure 4c), the first semicircle appearing at a very high frequency domain represents the dielectric properties of Nafion while the second semicircle represents Rct and CPE.20 The straight line after these two semicircles arises due to the mass-transfer limitation of the redox that couples with a typical characteristic of 45° with respect to Z′ axis. At low-frequency domain, a vertical line is observed due to the capacitance of the film. Apart from ZD, all other components in the circuit are assumed independent of frequency. Two equivalent circuit analyses were carried out pertaining to two different heterogeneous electron-transfer rate constants at two extreme applied potentials (Edc), namely, Edc < E°′ and Edc > E°′, where E°′ is the formal potential of DA at the NCGCE. The observed impedance data at Edc ) 0.1 V, i.e., Edc < E°′, for DA oxidation on the NCGCE at various Pa are shown in Figure 5ae. As can be seen, the increase in Pa drastically changes the nature of the impedance spectrum. The Nyquist plots show two semicircular arcs, a relatively smaller arc at the high-frequency domain, and a larger one at the low-frequency domain. The first semicircle appears to be suppressed in the clockwise direction so that the center of the circle is pushed into the fourth quadrant of the spectrum. This semicircle arising from the resistivity of the Nafion film slowly disappears with increase in Pa. In the Bode representation, the phase angle variation with frequency clearly shows two distinct peaks at low- and high-frequency domains as shown in Figure 6. The maximum phase angle observed in the highfrequency domain actually shows asymmetry in the side of lower (28) Piela, B.; Wrona, P. K. J. Electroanal. Chem. 1995, 388, 69.



frequency for all Pa. The peak in the high-frequency region is predominant for Pa at 1.3 and 1.5 V. With increase in Pa, the highfrequency peak decreases in magnitude as a manifestation that the bulk resistivity of Nafion film is reduced. Interestingly, there is no linear segment observed with unit slope in Nyquist plots, indicating that the process is not diffusioncontrolled while it is in corroboration with the chronocoulometry results. Thus, when the observed impedance data were analyzed through an equivalent circuit, the ZD component could be neglected. There is also no vertical capacitative line at the lowfrequency domain expected for polymer-modified electrodes. Again, in Bode’s plot, the phase angle variation with frequency clearly shows the absence of the capacitative domain. As reported earlier, the Nyquist plot for the modified Randles circuit can result in diffusion regimes.22 The ω ranges over which these regimes are observed depend on the product kl, where l is the film thickness and k ) (ω/2Dapp). When kl is much greater than unity, the diffusion layer created by the perturbation is much thinner than the film thickness and conventional semi-infinite Warburg response, i.e., a line with 45°, will be observed in Nyquist plot. At lower frequencies, kl is much smaller than unity and the diffusion layer encompasses the entire film, a finite Warburg response, i.e., a vertical capacitative line, will be observed. Since the present system is not diffusion-controlled, the observed Nyquist plot at this Edc is expected accordingly not to show either conventional or finite Warburg response. The impedance data were fitted into the equivalent circuit as described in Figure 5f. As can be seen, the theoretical line calculated from the estimated values shows good correlation with the experimental data. The extracted parameters for the circuit elements are summarized in Table 2. The solution resistance and uncompensated potential drop (RS) are almost constant for all Pa studied. The double-layer capacitance, Qdl, at Pa ) 1.3 and 1.5 V is around 3 µF/cm2, consistent with generally reported values of carbon electrodes.29,30 The fact that Qdl increases with Pa clearly indicates that the GCE surface is oxidized in accordance with our chronocoulometry results. As discussed above, it is well-known that the oxidation of carbon surface at extreme anodic potentials results in the formation of surface functional groups such as quinolic and phenolic forms of C-OH, COOH, and >CdO.29 The composition of these functionalities drifts to enrichment with preferably one kind of surface functional group, depending upon the pretreatment.16 The reductive pretreatment of GCE at a more negative potential preferably enriches the surface with C-OH while the oxidative pretreatment at a positive potential enriches the surface with a higher fraction of >CdO. Thus, the increase of Qdl is concluded as a result of the enrichment with a polar >Cd O functional group. Note that the identical trend and similarly higher Qdl values for the preanodized electrode have been reported earlier.29,31 Following preanodization, the GCE surface is expected to become more porous due to the formation of multilayer oxide structures.17,28,29 Therefore, the surface roughness factor should enormously increase and reflect lower n values at higher Pa. However, the estimated n values show a trend the reverse of what (29) McCreery, R. L. In Electroanalytical Chemistry; Bard, A. J.; Marcell Dekker: New York, 1991; Vol. 16. (30) Randlin, J.-P.; Yeager, E. J. Electroanal. Chem. 1972, 36, 257. (31) Randlin, J.-P.; Yeager, E. J. Electroanal. Chem. 1975, 58, 313.
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Figure 5. Impedance measurements at Edc ) 0.1 V in Nyquist form for DA oxidation on the NCGCE preanodized at (a) 1.3, (b) 1.5, (c) 1.7, (d) 1.9, and (e) 2.1 V. (f) The equivalent electric circuit used in fitting the experimental data. The frequency range is 10 mHz to 10 kHz, used uniformly in all experiments.



is expected. This can be explained by the fact that >CdO is preferentially enriched on the surface during preanodization. As a result, the more homogeneous surface than the unpretreated GCE leads to less dispersion of frequencies and hence the double layer toward a perfect capacitor. A similar suggestion that the specific chemical groups on the surface play a role in the doublelayer capacitance has been tentatively offered in a previous study with carbon electrodes.32 Another important inference is the variation of the bulk resistance of Nafion film with Pa. As can be seen, Rb drastically fell from 58.9 kΩ at Pa ) 1.3 V to 20 Ω at Pa ) 2.1 V. This is believed to be the prime cause for the increase in the SWV peak currents at higher Pa. As reported earlier, the semicircle in the higher frequency of the Nyquist plot diminishes at higher water contents and the conductivity of the Nafion film strongly depends on the water contents inside the film.33 For higher water content, not only the conductivity increases but also the microstructure of Nafion changes. So the observed decrease of the semicircle with increased Pa in the present work is due to the uptake of more H2O and hence exposure of more SO3- to (32) Engstrom, R. C. Anal. Chem. 1982, 52, 2310. (33) Poucelly, G.; Oikonomou, A.; Gavach, C.; Hurwitz, H. D. J. Electroanal. Chem. 1990, 287, 43.
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pair up the analyte. This leads to the increased uptake of cationic DA inside the NCGCE. Moreover, the bulk capacitance also increased with Pa, indicating that more ionic clusters result at higher Pa. The increase in molar water fraction in the Nafion film has been reported to increase the conductivity due to free transport of analytes.33 The high degree of swelling resulting in higher Pa represents the impedance diagram in a simple continuous curve. Meanwhile, for lower water content, a semicircle due to resistivity starts to appear. The above results reveal that, in the case of NCGCE, the activation is partly due to changes in the Nafion microstructure and GCE surface oxidation. However, a comparison of peak currents in Figure 1b and Figure 1d reveals that the excess current in preanodized NCGCE as compared to bare GCE is only around 30%. Thus, it can be concluded that the major activation phenomenon in the case of NCGCE is the oxidation of GCE and the changes in polymer structure play a relatively smaller role. Figure 7 illustrates the impedance data for DA oxidation on various Pa collected at Edc ) 0.3 V, i.e., Edc > E°′. As can be seen, all the Nyquist plots at various Pa are represented by simple continuous curves. Meanwhile, the slope was higher than unity in the entire frequency range. In comparison with the case of Edc



Figure 6. Bode plot for the impedance data presented in Figure 5.



) 0.1 V, two major differences can be observed: (1) the notorious absence of a semicircle arising from the bulk resistance of Nafion even at lower Pa and (2) the “finite Warburg” capacitance line in high-frequency regions. This can be understood from the fact that, at Edc > E°′, DA is instantly oxidized with liberating H+ and subsequently alters the local pH of Nafion from neutral to less acidic values, in which the Nafion is known to have less resistance.34 Thus, the impedance data obtained at this Edc fit into the equivalent circuit without the parallel combination of Cb and Rb but with an additional element of capacitance, Cs, due to the adsorbed component (Figure 7f). This inclusion improves the quality of fitting and the circuit parameters as summarized in Table 3. Note that the inclusion of Cs at Edc ) 0.1 V resulted in poor fitting since no appreciable oxidation of DA took place at this applied potential. The result that Cs is larger than Qdl is in consistent with most of the surface process.35 The increase of Cs with the increase in Pa is also in agreement with the observation in chronocoulometry. Furthermore, the Cs values were also estimated directly by the graphical method for a typical faradaic process using admittance (Y′ and Y′′ for real and imaginary (34) Zen, J.-M.; Wang, C.-B. J. Electroanal. Chem. 1994, 368, 251. (35) Wu, X.; Mu, L.; Zhang, W. J. Electroanal. Chem. 1993, 352, 295.



admittance, respectively) data through the equation (Y′/ω)2 + (Y”/ω - Cdl-Cs/2)2 ) (Cs/2)2, in which the plot of Y′′/ω vs Y′/ω should give a circular plot centered at Y′/ω ) 0 and Y′′/ω ) Cdl + Cs/2 with a radius of Cs/2.35 As shown in Figure 8, the plot of Y′′/ω vs Y′/ω at various Pa at Edc ) 0.3 V yields semicircular plot at the high-frequency region with the origin at the Y′/ω axis. The diameter of the circular arc at the high-frequency domain remains almost the same for both Pa ) 1.3 V and Pa ) 1.5 V and increases when Pa is higher. The Cs values were calculated from the radius (Cs/2) and included in Table 3 for comparison. A good agreement between these values testifies that the equivalent circuit describes the system appropriately. The different equivalent circuits used to fit the impedance data pertaining to the very different heterogeneous electron-transfer rate constant at two extreme Edc apparently make the comparison of parameters unwarranted. However, it is still useful to compare some interesting trends of common parameters at these two extreme potentials studied. The double-layer capacitance at the GCE/Nafion interface is more than 200 times lower in the case of Edc ) 0.3 V in contrast to the expectation that double-layer charging should increase with the increase in potential. However, it should be noted that convoluted quantity of Cdl and Cs is higher Analytical Chemistry, Vol. 71, No. 14, July 15, 1999
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Figure 7. Same as Figure 5 except that Edc ) 0.3 V.



Table 3. Equivalent Circuit Parameters Estimated by Fitting the Impedance Data Obtained at an Applied Bias of 0.3 V for the NCGCE Preanodized at Various Potentials



Qdl (µF/cm2) n Rct (10-3 Ω) Cs (µF/cm2) Csa (µF/cm2) Rfs (Ω) Cfs (µF/cm2) Rs (Ω) a



Pa/1.3 V



Pa/1.5 V



Pa/1.7 V



Pa/1.9 V



Pa/2.1 V



0.009 0.65 30.05 6.31 6.86 23.88 22.96 93.3



0.007 0.63 37.60 6.77 7.29 35.34 28.17 90.7



0.082 0.70 18.09 10.13 12.16 25.65 24.93 97.2



0.0923 0.77 11.04 27.69 36.01 25.52 99.86 113.0



0.0263 0.57 21.19 141.26 146.16 50.60 416.14 114.3



Evaluated by a graphical method from the plots of Y′/ω vs Y′′/ω.



for all the electrodes in the case of Edc ) 0.3 V, as expected. This is a clear indication to use impedance spectroscopy in place of any conventional potential step, which can yield only the convoluted double-layer charge. Here, through the use of impedance 2804 Analytical Chemistry, Vol. 71, No. 14, July 15, 1999



measurements we could successfully deconvolute the contributions. Another important and understandable variation is the Rct, in which the values were about 100 kΩ for all the preanodized electrodes at Edc ) 0.1 V and around 20-40 Ω at Edc ) 0.3 V. This trend is in accordance with the well-known fact that Rct is reduced very much when Edc > E°′. The Rfs and Cfs are also very much reduced in the case of Edc ) 0.3 V especially for lower Pa, understandably due to the relatively faster transport of DA or Na+ at higher Edc. CONCLUSIONS The present investigation reveals that the combination of preanodization and Nafion modification works excellently in DA detection. Analytical characterization of the preanodized NCGCE indicated an excellent detection limit of 4.7 nM DA. The preanodized electrodes could be easily regenerated and the AA interference could be effectively avoided by the present method. The higher DA oxidation peak current resulting from the preanodized bare GCE is due to the surface oxidation and the



Figure 8. Y′′/ω vs Y′/ω plots of impedance data presented in Figure 7.



inherent cooperative interaction between the surface functional group generated on the GCE surface during preanodization and subsequent chemical interaction with DA, likely through hydrogen bonding, as noticed for UA.10 In corroboration, the chronocoulometry results showed that the charge transfer is adsorptioncontrolled. Most important of all, Cs, the parameter that directly correlates the quantity of DA in the Nafion matrix, dramatically increases with Pa. The fact that the Cs value is unusually high at Pa ) 1.9 and 2.1 V is also in direct correlation with the SWV results. In the case of preanodized NCGCE, the observed increase in SWV peak current is due to the combined influence of the GCE surface oxidation and the internal morphology change of Nafion film as indicated in the ac impedance study. While the GCE/ Nafion interfacial charge was found very high to indicate surface oxidation, the resistance of the Nafion coating is also determined



to decrease at higher preanodization potentials, where increased response was noticed in DA detection. However, separating the relative contributions to the observed increase in sensitivity for the preanodized NCGCE is not a part of the present work and shall form a basis for further work in the future. ACKNOWLEDGMENT The authors gratefully acknowledge financial support from the National Science Council of the Republic of China under Grant NSC 88-2113-M-005-019.
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