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Abstract:



The development of an electrochemical dissolved oxygen (DO) sensor based on a novel Cu(II) complex-modified screen printed carbon electrode is reported. The voltammetric behavior of the modified electrode was investigated at different scan rates and oxygen concentrations in PBS (pH = 7). An increase of cathodic current (at about −0.4 vs. Ag/AgCl) with the addition of oxygen was observed. The modified Cu(II) complex electrode was demonstrated for the determination of DO in water using chronoamperometry. A small size and low power consumption home-made portable electrochemical analyzer based on custom electronics for sensor interfacing and operating in voltammetry and amperometry modes has been also designed and fabricated. Its performances in the monitoring of DO in water were compared with a commercial one.
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1. Introduction


Dissolved oxygen (DO) is an essential indicator in biochemical processes. For example, the dissolved oxygen concentration is one of the main parameters to assess the quality of water for life of humans and animals in aquatic environments. Oxygen is indeed necessary to nearly all forms of life and water systems require an adequate oxygen level in order to allow aerobic life forms to develop [1].



Dissolved oxygen sensing in water is a well-established technology with many commercially available sensors (e.g., electrochemical sensors based on Clark electrodes and luminescence sensors). Besides this, research activity for proposing new materials for fabricating more affordable DO oxygen sensors is still very active. In recent years, metal complexes based on transition metals such as Ru and Os have become an important class of sensor materials for detecting dissolved O2 by use of solid-state fluorescence-based sensors [2]. However, metal complexes based on Ru and Os are expensive, then cheaper devices are desirable for practical applications. On the basis of their simple functioning and low cost, electrochemical devices have been used as transducers for dissolved oxygen sensing [3]. In this regard, the development of electrochemical devices for dissolved oxygen sensing based on transition metal complex is strongly encouraged because, compared to simple organic or inorganic materials, they offer a larger selection of molecular structures, the possibility of high environmental stability and a variety of electronic properties due to the coordinated metal center.



Many metal complexes, based on Co, Ni, and Cu complexes, have been investigated for oxygen electroreduction [4,5,6]. Electrocatalytic reduction of O2 mainly depends of the metal center, however the electron withdrawing or donating nature of different ligands also contributes to this step. Therefore, the search for new complexes of the above metals with suitable ligands for their use in electrochemical sensors for DO detection is of great interest from scientific and applicative points of view.



Based on our previous experience about metal complexes as sensing elements for electrochemical sensors [7], we focused our attention on a novel Cu(II) complex as material for O2 reduction. The mononuclear copper(II) complex here proposed, [Cu (Phimp)(bipy)(ClO4)] (I), comprises bipy(2,2′-bipyridine) and Phimp(1-phenyl-1-(pyridin-2-yl)-2-(pyridin-2-ylmethylene) hydrazine) as bi- and tri-dentate ligand, respectively:
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Copper complexes have recently attracted increasing attention as O2 reduction electrocatalysts [8,9]. Results clearly demonstrate electrocatalytic O2 reduction coupled with Cu(II)/Cu(I) conversion in aqueous solutions. Gewirth et al. recently reported that several Cu(II)-complexes adsorbed on a carbon black electrode can catalyze the electrocatalytic electron reduction of O2 [10]. Sousa et al. evaluated the electrochemical response and the stability of a [Cu4(apyhist)4]4+ complex (apyhist = 2-(1H-imidazol-4-yl)-N-(1-(pyridin-2-yl)ethylidene)ethanamine) for the fabrication of a novel biomimetic oxygen sensor [11].



To the best of our knowledge, there is no report about complex (I) for oxygen electro-reduction. To investigate the electrochemical properties, the complex was deposited on a screen printed carbon electrode (SPCE), and used for the monitoring of DO in aqueous solution by means of cyclic voltammetry and chronoamperometric measurements. The development of a disposable electrode in the form of a sensing strip is more practical with regard to the demand of actual application to measure dissolved oxygen in various biomedical and environmental applications [12,13]. Further, due to the low toxicity, low cost, and availability of copper compared to the noble metals, the developed electrode will have a potential towards mass production for broad applications.



The main objective of our work is to develop a complete sensing platform for real time monitoring of the DO concentration in aqueous media as part of an effort to monitor water quality [14,15]. In such a context, commercial systems include expensive equipment, therefore the employment of home-made and low cost portable measurement systems, where system modularity for application adaptability is a primary design consideration, can be important to spread the number of applications. Thus, it is essential to design a low-cost instrument based on custom electronics that provide the capability of performing measurement in voltammetry, amperometry, and potentiometry modes in real time. The system architecture, modular packaging, and interface electronics of the designed and fabricated is here presented and its characteristics are compared with that of a commercial one for real time monitoring of DO in water.




2. Experimental Section


2.1. Synthesis of [CuII(Phimp)(bipy)]ClO4 Complex (I)


Complex (I) was synthesized as follows: first, ligand PhimpH (0.1445 g, 0.5 mmol) was dissolved in 5 mL of methanol, then a methanolic solution of copper(II) perchlorate hexahydrate (0.185 g, 0.5 mmol) was added to the ligand solution. The complex (I) was formed by the addition of a methanolic solution of 2,2′-bipyridine (0.078 g, 0.5 mmol) to the above solution. A schematic drawing of the complex formation is reported in Scheme 1:



The elemental and chemical characterization of the product obtained has given the following results. Elemental Analysis: Calc. for C28H22ClCuN5O5. C, 55.36; H, 3.65; Cl, 5.84; Cu, 10.46; N, 11.53; O, 13.17. Found: C, 55.82; H, 4.07; Cl, 5.01; Cu, 10.88; N, 10.95; O, 14.23. IR (KBr pellets, cm−1): ν(C=N), 1607. UV-vis (Acetonitrile) λmax (nm) [ε (M−1·cm−1)]: 226 (49800), 410 (11320).




2.2. Sensor Fabrication


The sensor was fabricated by using a commercial screen printed three-electrode strip (Dropsens C110). It consists of a ceramic planar support with a carbon working electrode 4 mm in diameter, a carbon counter electrode and a silver pseudo-reference electrode.



A dense solution of active material was obtained dispersing 5 mg of Cu(II)-complex in 0.1 mL of ethanol, then the working electrode was modified by casting 5 µL of the above solution onto its surface and allowed to dry at room temperature. The solubility of the synthesized copper complex in ethanol ensures a uniform dispersion onto the carbon electrode and an excellent adhesion after the solvent evaporation. Furthermore, the poor water solubility ensures a good stability of the working electrode during its use.




2.3. Electrochemical Analyzers


Electrochemical measurements were performed by means of a commercial Dropsens µStat 400 potentiostat and a home-made analyzer. The home-made analyzer is based on the AVR 8/16 bits ATXMEGA128A3U microcontroller, manufactured by ATMEL Corporation. The chip features a rich set of peripherals, among them there are a 12-bit 2 MSPS multi-channel Analog-to-Digital Converter and a 12-bit dual Digital-to-Analog Converter that are used in data acquisition. A Power Supply Management Circuit allows high-efficiency, ultra-low power consumption, and the capability to shut-down the analog sensor front-end for achieving longer autonomy also with small-capacity batteries. The measurement data can be transmitted through the USB 2.0 interface, recorded, and visualized in real time, by using dedicated software written in Python. The firmware system can be programmed in order to periodically perform measurements in stand-alone mode, and optionally to store the data on an internal non-volatile memory.




2.4. Electrochemical Tests


Electrochemical tests were carried out in a three-electrode mode using the same counter and reference electrodes of the screen printed sensor. More detailed information can be found in a previous paper [16]. The dissolved oxygen (DO) measurements were carried out in 0.1 M PBS solution (pH 7). DO level was controlled saturating the electrolyte solution by bubbling N2/O2 gas mixtures at different partial pressure. Cyclic voltammetry was performed in the potential range from −1 to 1 V at different scan rate in both nitrogen- and oxygen-saturated solution. Cyclic voltammograms were recorders for the same sensor and at the same conditions, by means of both commercial and home-made analyzers. The recorded data were used to evaluate any discrepancies in the acquired signal between the two devices.



Chrono-amperometric experiments were carried out, first in O2 saturated solution in order to identify the optimal potential, then recording the current signal at fixed potential during cyclic saturation and purging of the solution with O2 and N2.





3. Results and Discussion


3.1. Electrochemical Characterization of Modified Electrode


First, an electrochemical characterization of the synthesized copper complex (I) was undertaken. Reversible redox cathodic peaks were observed in PBS in the absence of oxygen and attributed to the reduction of Cu2+ to form Cu+ and Cu0, whereas the anodic peak was ascribed to the oxidation of Cu+ to Cu2+ [16]. In the presence of oxygen molecules, the reduction current was remarkably increased. Meanwhile, the oxidation peak there could not be observed anymore, suggesting that there is a catalytic reaction which catalyze, in the first step, the reduction of the complex (I), here indicated, for simplicity, as Cu(II)-L (L = ligands):


Cu(II)-L + e− → Cu(I)-L










Cu(I)-L + O2 → Cu(II)-L











These observations also strongly suggest that copper complex (I) may have promising sensing capabilities for oxygen sensing. Furthermore, due to the insolubility of [Cu(Phimp)(bipy)(ClO4)] complex in aqueous medium the electrode has high stability, which is a critical factor for the development of oxygen sensors for practical use.



In view of the above results, we decided to investigate the possible use of this modified electrode as a sensor for dissolved O2 in aqueous solution. To study the electrocatalytic behavior of the Cu-complex based electrode towards oxygen reduction, cyclic voltammetry was performed in 0.1 M PBS saturated with oxygen and purged by it. The cyclic voltammograms obtained in presence of different oxygen concentration and recorded in the potential range −1 to 1 V at a scan rate of 50 mV/s, are displayed in Figure 1a. As stated above, in the absence of oxygen, some anodic and cathodic peaks are observable in the range −0.1 to 0.25 V due to reversible oxidation and reduction processes of copper. In presence of DO in the analyte solution, a marked reduction peak with a maximum at about −0.4 V was observed. Moreover, increasing the concentration of oxygen a corresponding increasing of the cathodic peak current was also observed. The typical current-oxygen concentration behavior, obtained from cathodic peak at −0.4 V, is shown in Figure 1b. A good linear trend in the range from 0 to 42 mg/L DO has been obtained with equation: ip (µA) = 2.36 O2 (mg/L) + 49 (R2 = 0.997).


Figure 1. (a) Cyclic voltammograms obtained in presence of different oxygen concentration and recorded in the potential range from −1 to 1 V at a scan rate of 50 mV/s; (b) current-oxygen concentration behavior, obtained from cathodic peak at −0.4 V.
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The effect of scan rate (10–100 mV/s) on cyclic voltammetry response was investigated in presence of oxygen saturated solution (Figure 2a). The reduction peak increase increasing the scan rate (Figure 2b) showing a linear correlation with equation ip (µA) = 1.51 v (mV/s) + 49 (R2 = 0.996), A slight shift towards higher negative potential was also observed. This behavior is typical of non-reversible electrochemical adsorption processes.


Figure 2. (a) Effect of scan rate (10–100 mV/s) on cyclic voltammetry response in an oxygen saturated solution; (b) correlation between the reduction peak and the scan rate.
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From these data, it can be deduced that Cu(II)-complex (I) adsorbed on SPCE electrode catalyzes the reduction of O2, likely through a stepwise 4-electron process. However, there is no evidence that the direct 4-electron reduction of O2 by Cu(II)-complex (I) does not occur, and a further investigation is needed to clarify the pathway of electrochemical O2 reduction by this modified electrode.




3.2. Home-Made Electronic Readout System


A portable analyzer for electrochemical sensors has been also designed and developed. The developed analog front-end allows the interfacing with electrochemical sensors, providing a wide bias range spanning from −1.0 V to +1.0 V with a resolution of about 1 mV and a current sensing range going from 10 nA to 8 mA, with five range options that can be selected by the CPU firmware. The block diagram of the electronic system is shown in Figure 3.


Figure 3. The block diagram of the developed electronic system.
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The system is implemented in two distinct boards: the Microcontroller Board and the Sensor Front-End Board. The Microcontroller Board features the ATXMEGA128A3U microcontroller circuitry, the USB Interface used to connect the measurement system with a PC for control and data exchanging, the power supply system with two regulators, and a Li-PO battery charger circuit. The system can be powered alternatively from the USB or the battery. A PDI Interface Connector is also provided to update the microcontroller firmware. The Sensor Front-End Board is connected using a standard connector with a pitch of 1.27 mm. Two dual-color LEDs and two user buttons are available respectively for status information and user interaction. The performance of the home-made manufactured portable analyzer was tested by comparison with the commercial one (Figure 4a,b).


Figure 4. Cyclic voltammograms obtained in presence of different oxygen concentration and recorded in the potential range from −1 to 1 V at a scan rate of 50 mV/s on: (a) home-made manufactured portable analyzer; (b) commercial one.
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3.3. Oxygen Monitoring in Water


Amperometric measurements were performed in stirring solution during continues bubbling of O2/N2 gas mixture inside. First, we investigate the effect of applied potential at the working electrode of the sensor. In Figure 5a, the chrono-amperometric responses of the sensor obtained in O2 saturated solution at different applied potentials ranging from −0.1 V to −1 V are shown. The reduction process of oxygen occurs for potentials higher than −0.2 V and reaches a limit current at about −0.4 V (Figure 5b). Increasing the potential over this value has not produced a remarkable increase of reduction current. With above consideration, the constant potential of −0.4 V was chosen as the optimal detection potential for the amperometric tests.


Figure 5. (a) Chrono-amperometric responses of the sensor obtained in 100% O2 saturated solution at different applied potentials ranging from −0.1 V to −1 V; (b) current-potential relationships.
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In Figure 6a is shown the chrono-amperometric test obtained at an applied potential of −0.4 V during cycling saturation and purging of solution by oxygen at different partial pressure between 2% and 20% (~2.1–8.5 mg/L DO). The sensor quickly follows the diffusion of oxygen in solution and completely recovers the baseline signal when the solution is de-aerated. The calibration curve obtained by plotting the measured current values versus different DO concentrations presents an excellent linear behavior with equation ip (µA) = 0.64 O2 (mg/L) + 0.15 (R2 = 0.992). The average sensitivity was calculated to be 5.12 µA/mg·L−1·cm−2.


Figure 6. (a) Chrono-amperometric test obtained at an applied potential of −0.4 V during cycling saturation and purging of solution by oxygen at different partial pressure between 5% and 20%; (b) calibration curve of the sensor for different DO concentrations.
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Table 1 shows a comparison of the performance of our sensor with that of other sensors based on Cu electrodes for monitoring of dissolved oxygen in water.



Table 1. Comparison of the sensing characteristics of previous Cu-based dissolved oxygen sensors.







	
Electrode

	
Electrode Area (cm2)

	
Technique

	
pH

	
Potential Ag/AgCl (V)

	
Sensitivity [µA/(mg·L−1)]

	
Sensitivity [µA/(mg·L−1) cm−2]

	
Linear Range [mg·L−1]

	
References






	
Cu(II) 4-imidazolyl ethylene 2-amino-1-ethylpyridine-Nafion/GCE

	
0.071

	
Cyclic Voltammetry

	
7

	
−0.35

	
5.69

	
80.1

	
3–13

	
[11]




	
Cu(II) aminopropyl complex-cellulose acetate/Pt disk

	
--

	
Cyclic Voltammetry

	
7

	
0.15

	
96.64

	
--

	
1.9–12.1

	
[17]




	
Cu(II) complex 1-phenyltriazenido-2-phenyltriazene-benzene/Pt disk

	
--

	
Chronoamperometry

	
7

	
−0.25

	
1.05

	
--

	
1.1–5.2

	
[18]




	
Cu layered/SPCE

	
0.13

	
Photoelectrochemical

Chronoamperometry

	
8

	
−0.7

	
3.05

	
23.46

	
1–8

	
[19]




	
Pt NPs/Cu needle

	
0.0025

	
Cyclic Voltammetry

	
7

	
−0.5

	
0.28

	
112

	
0.32–6.2

	
[20]




	
Cu(II)(Phimp)(bipy)(ClO4)/SPCE

	
0.125

	
Cyclic Voltammetry

	
7

	
−0.4

	
2.36

	
18.8

	
0.42–42

	
This work




	
Chronoamperometry

	
7

	
−0.4

	
0.64

	
5.12

	
0.42–8










To the best of our knowledge, there is no report about electrodes modified with [Cu(Phimp)(bipy)(ClO4)] complex for oxygen monitoring. The behavior reported for our sensor, measured in a wider linear range, extending practically from pure nitrogen to pure oxygen, is comparable with the performance of previous dissolved oxygen sensors based on other Cu(II) complexes. Further, it should be noted that the proposed screen printed sensor has a potential towards mass production larger than the previous sensors based on conventional electrochemical architecture.





4. Conclusions


Here, we have reported about the development of an oxygen sensor and a portable monitoring system for dissolved oxygen in water. The proposed sensor, based on a modified SPCE electrode with a Cu(II) complex sensing layer, showed a good response for dissolved oxygen at an applied potential of −0.4 V. The home-made analyzer, based on custom electronics, has shown performance similar to a commercial one.



Future activities are in progress in order to: (i) investigate the sensing mechanism and the effects of ligands by employing different substituents at the Cu center; (ii) extend the measurements to other analytes, e.g., nitrates and nitrites, for which specific sensors are under development and will be tested together with the proposed dissolved oxygen sensors for better assessing water quality.



In summary, the proposed system built and characterized in our laboratory presents an optimum solution for a comprehensive management of DO measurement in aqueous media and can be easily modified to be used with a wide variety of other sensing elements, achieving a wide scope of applications.
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Scheme 1. Schematic drawing of the complex formation. 






Scheme 1. Schematic drawing of the complex formation.
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