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The theoretical and experimental investigations of the electrical cross-talk in a four-electrode configuration without faradaic interference were performed. It was shown that the common resistance shared by the two working electrodes plays a major role in the electrical response of the system. In the particular case of the scanning electrochemical microscopy, the transient response of the probe to a potential step applied to the substrate results in two-time constants and the cell-time constant of the substrate governs the attainable time constant of the whole system.

Introduction

Four-electrode electrochemical systems involving two working electrodes in the same electrochemical cell have been routinely used for a long time [START_REF] Bard | Electrochemical Methods: fundamentals and applications[END_REF]. A typical application concerns the rotating ring-disk electrode (RRDE) [START_REF] Albery | [END_REF][3][4] in which a species generated at the disk can be detected at the surrounding disk electrode allowing the study of homogeneous and heterogeneous kinetics [5,6], the determination of diffusion coefficient [3], the investigation corrosion mechanisms [4], and so on. More recently, the scanning electrochemical microscopy (SECM) and derived techniques have considerably broadened the applications, allowing local chemical and electrochemical analyses to be performed [7][8][9][10][11]. The SECM has been widely used in feedback modes that is using a redox mediator in solution for sensing the local reactivity or topography of a sample by measuring a steady-state current at a tip (a micro or a nanoelectrode). In this case, the feedback amplification brings a high sensitivity and indirect temporal resolution [12]. A different mode is the substrate generator / tip collector mode [13,14]. Similarly to the RRDE, a species generated at the substrate can be detected at the tip. Whatever the mode used, counter and reference electrodes are usually placed far from the sample under investigation. Then, some common solution resistance is shared by both working electrodes. However, in most cases, the current densities remain low enough so that only diffusionnal cross-talk between them has to be considered [15]. The simplified equivalent electrical scheme depicted in Fig. 1a can qualitatively explain the electrical interactions due to the sharing of common current lines when all potentials are referred to a common reference electrode. This problem has been considered initially for steady-state systems in the case of iron dissolution [16] and then by Brückenstein et al. [17].

In the present context, there is a regain of interest to get a true temporal and as short as possible resolution in four or more electrode systems. For instance, Combellas et al. have used transient SECM for studying the kinetics of polystyrene thin-film etching [18] or for electrochemical patterning of PTFE surface [19], whereas Bard et al. have developed the surface interrogation mode to detect and quantify adsorbed species at a substrate [20]. In a recent work, Trinh et al. have developed the SECM in ac-mode (by applying a small sinewave potential perturbation at the substrate) for the characterization of adsorbate intermediates at the substrate electrode [21,22]. In that case, only the low frequency domain was investigated since the relevant time-constant was observed for frequency below 100 Hz.

However, both capacitive and diffusionnal currents are much higher at short times, so that these interferences need to be considered for studies in the high frequency domain. Transient analysis in SECM experiment was also previously performed by Bard et al. [23] to predict the chronoamperometric response of the tip electrode in presence of a redox couple. However, only the diffusionnal contribution of the electroactive species was taken into account, and the current and potential distributions of the system were neglected. For the later, the quantities of interest are the cell time-constant, which involves the electrolyte resistance and the double layer capacitance and which can be obtained experimentally from transient experiments. In this communication we investigate theoretically and experimentally this electrical cross-talk in the SECM configuration without faradaic interference.

Material and methods

The electrochemical cell was a four-electrode cell with a platinum grid and a saturated calomel electrode (SCE) that acted as counter electrode and reference electrode, respectively.

The substrate was a 2.5 mm diameter platinum disk embedded in an epoxy resin, and the SECM tip consisted in a 10 µm in diameter Pt wire sealed into a glass capillary. A dual microelectrode which consisted in a 20 µm in diameter Pt wire and a 40 µm in diameter Ag wire was fabricated by sealing the two wires in a glass bi-capillary. Both wires were previously laterally insulated with a cataphoretic paint. The Ag electrode was then anodized in a chloride solution to obtain an Ag/AgCl micro-reference electrode. The potential variation was monitored by measuring EAgCl/Ag vs the grounded Pt electrode.

Twice-distilled deionized water and pure chemical reagents (analytical grade quality) were used as received for the preparation of the electrolytic solutions.

The SECM used is a home-made device already described elsewhere [24,25]. The electrochemical workstation is a home-made bi-potentiostat. Small current measurements were performed with a low-noise current-to-voltage converter DLPCA200, BFI Optilas). The entire setup had a negligible rise-time of less than 5µs neglected in the simulations. It was controlled by a software developed under Labview®. Fast rate acquisitions were performed with a four analog channel oscilloscope (Agilent Technologies -Infiniium DSO9104A).

Theory

Let us consider the electrochemical system consisting of a four-electrode bipotentiostat that can be described by the simple electrical circuit depicted in Fig. 1a assuming an ideal reference. For simplicity of the analysis only resulting global resistances were taken into account and not the local ones that may differ due to peculiar shape of the equipotentials. In absence of electroactive species, only the double layer capacitance and the electrolyte resistance of each electrode have to be considered. In addition, the counter electrode is assumed to be large, allowing to neglects its charge transfer resistance and capacitance.

The potential of the substrate, V S , is given by

S S C V =U +U (1) 
Similarly, the potential of the probe, V P , is given by

P P C V =U +U (2) 
Initially, the system is at steady-state, and for simplicity, we assume that they are all zero. At t = 0, we apply a potential step ΔE×H(t) (where H(t) is the Heaviside function) at the substrate. Thus the current flowing through the counter electrode, i C , is the sum of two contributions

C S P i = i + i (3) 
where i P and i S are the currents flowing through the probe and the substrate, respectively.

S C U + U = E Δ (4) 
P C U + U = 0 (5) 
Taking into account (3) and the charge of a capacitor, ( 4) and ( 5) can be rewritten as

( ) S S S C S P S q R i + +R i +i = E C Δ (6) 
( )

P P P C S P P q R i + +R i +i = 0 C (7) 
Introducing the time derivative of charge for both currents:

( ) ( ) ( ) p S S C S C S S C S C dq dq q R ΔE + + = dt R +R C R +R dt R +R (8) ( ) ( ) p C S P P C P P C dq R dq q + + = 0 dt R +R C R +R dt (9) 
The set of equations ( 8) and ( 9) contain a cross-linked term that can be cancelled only when R C = 0 Ω. In that case, both charging current are obviously independent and follow the usual exponential decay [START_REF] Bard | Electrochemical Methods: fundamentals and applications[END_REF]. In a four-electrode system R C is different from zero. For a small probe and a large substrate as is often the case in SECM, the coupling term can be neglected in equations ( 8) and ( 9), thus S C i i ≈ . At short times compared to ( )

S C S R +R C , ( ) S S C i ΔE R +R ≈
, corresponding to a potential jump of ( )

C S C
R ΔE R +R , inducing a charging current for C P . Conversely at long times p dq dt can be neglected so that p q follows the potential evolution at the crossroads (noted A in Fig. 1a). Intermediate cases can be solved easily numerically.

Results and discussion

The transient responses of both the probe and the substrate to a potential step performed at the substrate are shown in Fig. 1b. These calculations where performed for R P = 100kΩ, C P = 125pF, R S = 500Ω, C S = 7.85µF, R C = 200Ω, and a potential step ΔE = 100mV. These parameters values are consistent with a large substrate (few mm in diameter), a microelectrode as a tip and a double layer capacitance of few tens µF/cm 2 . The response of the substrate is typical of a charging current with a peak intensity of 0.143mA (corresponding to ΔE/(R S +R C ) and a time constant τ S = 5.49ms. As expected, the transient response of the microelectrode shows two time constants: at short times (inset in Fig. 1b) a peak intensity of -0.285µA and a time constant of 12.5 µs was obtained whereas at long times, a peak intensity of -0.65nA and a time constant of 5.49ms was determined. These results point out that the long time behavior of the probe is governed by the charging of the substrate and fit perfectly with short and long-time limiting cases described in the previous section and reported in Fig. 1 as symbols.

We performed an experimental illustration in a 10mM KCl solution with a Pt probe of 20µm in diameter and a Pt substrate of 0.5 cm in diameter (Fig. 2). The potential response of the substrate (Fig. 2a) indicates that the potentiostat regulates the applied potential without any problem in the time-scale investigated. The transient obtained at the substrate is in agreement with the size of the electrode and the electrolyte resistivity. The cell time constant is about 2.5ms. The short-time response of the probe current (Fig. 2c) shows a well defined exponential decay with a time constant of 4.5µs. In both cases, the double layer capacitance of the platinum electrodes was about 18 to 20µFcm -2 . This experiment confirmed the influence of the common resistance shared by the two electrodes.

To better describe the influence of the potential distribution in solution when a potential step is applied at the substrate, an additional experiment was performed using a dual microelectrode as probe. The first electrode is a platinum microelectrode used as amperometric sensor, whereas the supplementary electrode is an Ag/AgCl microelectrode used a local potentiometric sensor for monitoring the local potential variation in the vicinity of the probe (the interelectrode distance was about 50 µm). Figure 3 shows the transient current at the Pt probe recorded as before simultaneously with the potential variation at the Ag/AgCl probe located nearby the Pt microelectrode. The transient potential corroborates the two time constants monitored at the probe indicating that the cross-talk observed between the probe and the substrate correspond to the response to the potential step followed by a slower process corresponding to the charging of the substrate. Usually, the use of microelectrode allows diminishing the contribution of the ohmic drop and the double-layer-charging. As demonstrated here, in a four-electrode system with dimension usually encountered in SECM experiments, the influence of the size of the substrate cannot be neglected. As long as stray capacitances do not dominate C p [26,27], there should be an advantage to work with smaller electrodes having smaller capacitances. The higher R p would diminish the coupling at short times, while at long times R C C p is minimised. Such a behavior can be a serious drawback for applications of transient SECM since some process like diffusion can occur in the submillisecond range [23]. Another possibility can consist in decreasing the substrate size down to the probe dimension as performed by Bard et al. for the surface interrogation mode [20].

This kind of configuration can also be found in microsystems such as electrochemical microfluidic devices.

Conclusions

The time constant of the overall experiment is controlled by the size of the larger electrode (usually the substrate). From a practical point of view, one cannot cancel the effect of the common resistance shared by the two currents with a 4-electrode setup. Two time-constants are observed as a transient response to a perturbation applied at the substrate, and the celltime constant of the substrate governs the attainable time constant of the whole system. Future work will consider local current distributions and interferences when diffusion is occurring.

Other electrochemical methods such as cyclic voltammetry, impedance spectroscopy, and derived techniques should also display this coupling at high scan rates or frequencies. 
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 1 Figure 1: Electrical equivalent circuit for a four-electrode SECM configuration (a), and simulated transient at the substrate and at the probe (b). Calculations where performed for R P = 100kΩ, C P = 125pF, R S = 500Ω, C S = 7.85µF, R C = 200Ω, and a potential step ΔE = 100mV. The inset shows the short-time behavior of the probe. Symbols correspond to the limit cases analysis (see text).

Figure 2 :

 2 Figure 2: Transient experiment performed with a SECM in a four-electrode configuration. Initially, the probe and the substrate were biased at 0 V/SCE, and a potential step (+100mV) was applied to the substrate at t = 0s. Potential response of the substrate (a), transient current at the substrate (b) and at the probe for short (c) and long (d) times. Tip-to-substrate distance d = 10µm.

Figure 3 :

 3 Figure 3: Transient experiment performed with a SECM in a four-electrode configuration with a bi-microelectrode as tip. Initially, the probe and the substrate were biased at 0 V/SCE, and a potential step (+200mV) was applied to the substrate at t = 0s. Transient current at the probe (a) and local potential variation monitored with the second electrode close to the probe (b) -the inset represent the long time behavior. Tip-to-substrate distance d = 20µm.
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