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Abstract

:

Electrochemical and photoelectrochemical sensors are a rapidly developing field in analytical chemistry. However, commercial systems often lack versatility and affordability, hindering wider adoption. Additionally, the absence of integrated excitation light sources limits their application in photoelectrochemical sensing. Here, we present a highly precise, versatile, affordable measurement system for both electrochemical and photoelectrochemical sensing applications. The system incorporates a three-electrode potentiostat with a synchronized excitation light source. This design enables the system to perform conventional electrochemical measurements like cyclic voltammetry, chronoamperometry, and photoelectrochemical amperometric measurements with controlled light excitation. The developed measurement system operates within a voltage range suitable for a measurable current range of 1 nA to 18 mA, with a high precision of 99%. The excitation source is a monochromatic LED system offering seven distinct wavelengths with digitally controlled intensity via a digital-to-analog converter. Furthermore, an Android-based user interface allows wireless system control via Bluetooth Low Energy. The report also details the construction of a photoelectrochemical experiment using copper (II) oxide nanorods synthesized by the hydrothermal process as the photoactive material employed to test the experiment on a potassium ferricyanide/potassium ferrocyanide solution. This user-friendly system allows broader exploration of electrochemical and photoelectrochemical sensing applications.
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1. Introduction


Sensor technology has emerged as a critical foundation for the era of information technology, along with advances in science and technology. A sensor device can convert environmental events into measurable signs that impact various fields of everyday life. Within the realm of sensors, biological and chemical sensors are a small branch but play a necessary role in a wide range of research, leading to the development of various methods such as electrochemical, electronic, optical, and mechanical techniques. However, meeting the increasing demands of reducing product costs, improving sensitivity, and increasing sensor performance is still challenging. To accommodate these requirements, electrochemical (EC) and photoelectrochemical (PEC) sensors have seen particularly noteworthy developments, driven by parallel progress in materials science [1,2].



EC and PEC methods are two widely researched sensing techniques for analytical applications. They share similar characteristics, including the signal conversion mechanism, the basic components in measurement instrumentation, and a wide range of applications. The working principle of EC-based and PEC-based sensors is shown in Figure 1 with the measurement device called a potentiostat in the conventional three-electrode configuration, including the reference electrode (RE), counter electrode (CE), and working electrode (WE). The mechanism of these sensors hinges on the interaction between a target species and the sensor’s catalytic material surface-coated on the WE, facilitating target identification in which both rely on converting chemical signals into electrical signals. Research efforts in these fields are mainly directed towards diversifying sensor materials, utilizing different types and structural forms of nanomaterials with or without labels to enhance identification performance, sensitivity, and specificity in the analysis of interest [1,2,3,4,5,6,7,8,9,10,11]. Consequently, EC and PEC sensors have become powerful tools in analytical chemistry, offering broad applicability in diverse fields such as food safety [5,12,13,14,15,16,17,18], environmental monitoring [18,19,20,21,22,23], and health diagnostics [3,18,24,25,26,27,28,29,30,31,32,33,34].



EC sensors function by using receptors immobilized on the surface of the electrode. When an external potential signal is applied, these receptors facilitate redox reactions with target analytes that are adsorbed or bound to the electrode surface. The EC sensor was first reported more than a century ago when Friedrich Cremer demonstrated the glass electrode for pH sensitivity [35]. EC sensors continue to be actively developed due to their diverse reported signals and the low detection limits in theory [36]. EC-based techniques allow for the obtaining of different signals, including voltage, current, and impedance signals, leading to the emergence of many measurement techniques, such as amperometry, potentiometry, voltammetry, and impedimetry. In addition, the same electrical form of the stimulated signal and the collected signal of the EC sensors leads to easy miniaturization of the measurement systems, making them flexible and reducing the cost. Due to their flexibility, reliability, fast response, and cost-effectiveness, EC sensors are ideal for point-of-care (POC) applications such as the ubiquitous glucose meter [37,38,39,40]. In addition, electrochemical sensors have also been widely used in industrial and civil environments to detect toxic gases [41]. In recent years, strategies for the development of EC sensors have been related to enhancing selectivity and detection limits [42,43,44] alongside the discipline of nanoscience and nanotechnology.



In addition to the advantages of EC-based sensors, they also have limitations. The electrical consistency of the stimulation and collection signals can limit the sensitivity due to background noise from the excitation signal. To address this issue, the PEC-based technique is an option worth considering because of the external excitation source. Emerging from the foundation of EC sensors, PEC sensors boast a more recent origin, yet have witnessed rapid development in the past four decades. PEC sensors leverage conventional electrochemical techniques but incorporate a photoactive material on the electrode surface. The generated electron–hole pairs formed following suitable photon absorption by the photoactive material layer, caused by the electronic change state between the valence band and the conduction band, interact with the target analyte, generating a separate signal of the target analyte’s redox reactions from the light excitation signal. This key distinction significantly reduces background noise, enhancing sensor sensitivity and lowering detection limits. Moreover, this method is relatively easy to use compared to other optical sensing methods, such as luminescence or fluorescence, because of the demand for complex image processing systems. However, despite their great potential for development, sensors based on photoelectrochemical techniques are only largely being developed in the laboratory environment due to insufficient photoconversion efficiency and the photobleaching effect [2]. Therefore, the development of this type of sensor is also associated with the interdisciplinary fields of material science and nanotechnology, which use semiconducting materials to improve the properties of photocatalytic sensing, serving many different applications [45,46,47].



EC and PEC sensors rely heavily on the potentiostat for analytical chemistry applications. This instrument plays a critical role by precisely controlling the applied voltage and capturing the electrical signals generated from redox reactions during analysis. While numerous reports detail laboratory-built potentiostats [48,49,50,51,52], they are typically designed specifically for EC measurements. Conversely, most PEC studies utilize expensive, multifunctional commercial potentiostats with separate, non-integrated excitation light sources. This separation creates experimental setups that can be cumbersome and prone to inconsistencies. Recent advancements in PEC measurement systems are promising, exemplified by the portable lactate detection system developed by José L. Bott-Neto et al. [53]. Similarly, Alexander Scott et al. [54] and Zhenghan Shi et al. [55] have reported PEC systems designed for POC applications. However, these designs often cater to specific purposes and lack the versatility required for broader PEC research despite the similar characteristics of both methods, which can complement each other due to their merits during the development phase of sensor materials. Therefore, alongside the significant advancements in materials science enabling EC and PEC sensors, developing a universal measurement system capable of seamlessly handling both sensor types remains crucial to capture the merits of both sensors.



This work presents a comprehensive design and development of a measurement system for EC and PEC sensing applications. The system incorporates a custom-designed measurement circuit that utilizes integrated monochrome light-emitting diodes (LEDs) as the excitation light source for PEC applications, an Android-based user interface developed for user interaction and data acquisition, and an experimental chamber designed to conduct the measurements. Experiments investigating potential PEC applications were conducted using copper (II) oxide (CuO) material synthesized via the hydrothermal method, serving as the photoactive material.




2. Materials and Methods


2.1. Electrochemical and Photoelectrochemical Versatile System Design


The fully designed system for EC and PEC sensing applications integrates four key components: a potentiostat circuit to control and measure the EC signal; an integrated LED light system serving as an excitation source for PEC analysis; a dedicated experimental chamber; and an Android-based user interface for control and data acquisition. Figure 2 depicts the conceptual system designed in this work, highlighting these four main components.



2.1.1. Potentiostat Circuit


The potentiostat is a fundamental EC tool with diverse analytical applications. Its core function is to maintain a constant potential difference between the WE and RE within an EC cell [56]. It simultaneously measures the current flowing through the WE, with the CE adjusting this current to ensure stable cell potential control [56]. Figure 3 illustrates the schematic of our designed potentiostat, based on the DeFord circuit [57]. This design is adaptable to two-electrode configurations by shorting the CE and RE via an analog switch (TMUX1113). To achieve a nominal ±2.5 V working range, we employed a 2.5 V reference (REF3425) as the potentiostat’s virtual reference point while using a separate 5 V low-dropout regulator (LDO regulator) ADP7105-5.0 for other components. The 16-bit digital-to-analog converter (DAC, DAC80501) generates the voltage setpoint for the control amplifier stage, which utilizes one operational amplifier (LMP7721, denoted as OP2) and three from a quad operational amplifier package (OPA4388, OP4B-D). User-selectable single-ended or differential modes are enabled through switched feedback paths from the RE. OP4B and OP4D function as voltage followers, in which only the OP4B operates in single-ended mode. In differential mode, OP4B-D forms a differential amplifier with the positive input of OP4D shorted to the WE and the differential gain of 1 (R4 = R5 = R6 = R7). The output of this feedback signal to the control amplifier (differential amplifier in differential mode or OP4B in single-ended mode) feeds into the positive input of OP4A, configured as an electrometer. This signal is then sent to a 24-bit analog-to-digital converter (ADC, ADS122C04) to measure the actual WE–RE control potential. Leveraging an ADC of 2000 samples per second (sps), the circuit offers a selectable scan rate or sampling interval for data acquisition, depending on the selected measurement. Users can choose from six scan rates (20 mV/s, 50 mV/s, 100 mV/s, 200 mV/s, 500 mV/s, and 1000 mV/s) to analyze signal changes over time or select one of seven sample intervals (40 sps, 90 sps, 180 sps, 350 sps, 660 sps, 1200 sps, and 2000 sps) for capturing data points at specific intervals. To measure the current through the WE, the OP3 (LMP7721) has the role of a trans-impedance amplifier (TIA), converting the current on the WE into a voltage (I/V converter). This converter offers four parallel channels with feedback resistors and capacitors providing sensitivities of 10 mA/V, 100 µA/V, 1 µA/V, and 10 nA/V. The feedback capacitor values ensure a consistent 3386 Hz TIA gain bandwidth across all feedback resistor settings. This converted voltage is then also fed into the ADC for acquisition. For the microcontroller unit (MCU), ESP32 was used to control the potentiostat circuit using the Inter-Integrated Circuit (I2C) communication in which the LDO regulator ADP7105-3.3 is the power supply for this MCU. The MCU ESP32 also supports Bluetooth Low Energy (BLE) for interaction with the Android-based user interface. Additionally, in the designed potentiostat circuit, another 4-channel resistor with the same resistance values as the TIA’s feedback resistors was also used as the internal calibration for adjusting the TIA’s gain value and the DAC output value.




2.1.2. Monochrome LED Excitation Light System


Figure 3 also depicts the designed excitation light source circuit. This circuit controls the output current based on a control signal from a DAC. The two main components used to achieve this purpose are a 12-bit DAC (AD5622) and a 2-terminal programmable current source (LT3092). An array of seven monochrome LEDs (with wavelengths of 385 nm, 405 nm, 470 nm, 525 nm, 630 nm, and 720 nm) is placed before the input power supply of LT3092, which is provided by a 5 V LDO regulator (LM7805). The current output of the LM7805 regulator has a linear relationship with the combined output voltage of the DAC (AD5622) and the resistor R1 (shown in Figure 3), allowing for a current range of 0.5 to 200 mA. Using this principle, the output current is set according to the maximum DC forward current of each monochrome LED. The DAC AD5622 is also controlled by the MCU ESP32 through the I2C protocol, in which the I2C isolator (ISO164) is used to prevent noise from affecting the potentiostat circuit.




2.1.3. Experimental Chamber Design


Figure 4 shows the design of the EC-PEC experimental chamber. Due to its high mechanical and chemical durability, PTFE plastic was chosen for the chamber’s fabrication, including the body, top, bottom, and two electrode sealing screws. The design is compatible with REs and CEs with a cover diameter of 6 mm. A sapphire window is placed on top of the chamber body, allowing excitation light to excite the material layers of interest in PEC sensing applications. This window also protects the sample from unwanted factors, as some PEC analyses can take several minutes. Moreover, the main purpose of the designed chamber is to allow researchers to investigate the properties of materials coated on electrodes, such as indium tin oxide (ITO) as a WE, which serves for sensing applications. In particular, the measuring chamber requires a sample volume of below 2 mL, significantly reducing the sample and solvent needed for experiments.




2.1.4. User Interface Based on Android Bluetooth Low Energy


As mentioned, this project uses the ESP32 MCU to communicate with an Android device via the BLE protocol. The user interface, named ECPEC, is built using the Kotlin programming language for Android and allows users to connect directly to the hardware using its universally unique identifier (UUID). This is a user-friendly platform where all functionalities are displayed on the screen through a bottom navigation bar with two main sections: home navigation and workspace navigation. Home navigation provides functionalities for electrode configuration, measurement mode selection, and automatic device calibration, allowing the user to define parameters based on specific needs. The workspace fragment focuses on initiating and managing measurements. Users can choose the desired measurement mode and its associated parameters. The measured results are displayed in real time on the workspace screen as a scatter plot, allowing for visualization of the data points collected during measurements. Following completion of the measurement, users can save the data as a comma-separated value (CSV) file. These saved data are stored directly in the Android device’s memory and can be accessed from the home navigation screen through external CSV reader applications on the Android device.





2.2. Evaluation Methods


2.2.1. Calibration and Accuracy Evaluation


For the calibration of the potentiostat, one of the four internal calibration resistors is selected, which corresponds to the value of the selected TIA feedback resistor (100  Ω , 10 k Ω , 1 M Ω , and 100 M Ω , with a tolerance of 0.1%). The designed potentiostat is set to two electrode configurations, and the electrodes are set to contact each side of the calibrated resistor using the analog switch TMUX1104. The DAC is set to sweep the output voltage in the range of 0 to 5 V, which is related to the nominal operating range of the potentiostat ±2.5 V. At each DAC output value, the ADC reads the value of the electrometer and the current-to-voltage (I/E) converter in which the electrometer value is used to set the right voltage between the WE and RE, while the I/E converter value is used to measure the actual voltage value of the cell. Using the least-squares regression method, the measured voltage and current values are then used to calculate a linear transfer function (y = ax + b). In this equation, y represents the TIA voltage, x is the applied voltage measured by the electrometer, a is the calculated slope (gain coefficient), and b is the calculated intercept (offset voltage). Because of the non-ideal properties of the components, this calibration is crucial to ensuring measurement accuracy. Electrochemical and photoelectrochemical measurements involve the measurement of current generated during redox reactions. Therefore, calibration of the measurement circuit ensures the accuracy and precision of the current obtained in electrochemical and photoelectrochemical experiments. The accuracy of this procedure calibration for the designed potentiostat is directly related to the accuracy of the 24-bit ADC AD122C04 when the calibrated values are calculated on the returned data of the ADC.



Because the excitation light source uses monochrome LED lights with different wavelengths and electrical parameters, each LED was applied to the current, which is the maximum DC forward current mentioned in the datasheet of each LED. To calibrate the current source on the excitation LED light source, a digital multimeter (Fluke 87V) was used to measure the current, in which the current was controlled by the DAC AD5622. After the current source is calibrated, it is set to the suitable value for each LED used in the excitation light source. The spectrum of the excitation light source is measured by a Stellar-net PS300 spectroradiometer.



An external resistor array was used to assess the current measurement range of the designed potentiostat. The array consisted of eight resistors with varying values: 100  Ω , 1 k Ω , 10 k Ω , 100 k Ω , 1 M Ω , 10 M Ω , 100 M Ω , and 1 G Ω . Fixed voltages, with values of 1 V or 0.1 V depending on the theoretical value calculated by Ohm’s law, were applied on each resistor in this array to achieve different current ranges. The resistor with the highest resistance (1 G Ω ) had a tolerance of 1%, while the remaining resistors had a tolerance of 0.1%. The evaluation resembled an amperometric technique commonly used in EC methods. The process was carried out for 60 s at each resistor value with a sampling interval of 20 sps. This sampling rate allows us to minimize the noise from the powerline because of the 50/60 Hz rejection and its harmonic signal coming from the ADS122C04 with a decrease of over −80 db. In this way, the intrinsic accuracy of the device was evaluated by analyzing the variation in the measured current values.




2.2.2. Electrochemical Analysis


To perform the EC analysis, two basic methods, chronoamperometry (CA) and cyclic voltammetry (CV), were used. The sample solution includes potassium ferricyanide (   K 3  F e   ( C N )  6   ) and potassium ferrocyanide (   K 4  F e   ( C N )  6   ) at different concentrations in a 0.1 M electrolytic solution of potassium chloride (  K C l  ). In CV measurement, the scan rate is set to 100 mV/s, with the potential scan rate ranging from −0.2 V to 0.6 V. In CA, the sample was poised at 0 V for 1.5 s before a 0.4 V pulse was applied at 2 s with sampling for 5 ms. The electrode system includes a rhodium-plated CE (CE model 7—metal foam, Redoxme AB, Norrköping City, Sweden), a platinum wire (metal wire electrode—ST 0.6, Redoxme AB, Norrköping City, Sweden) acting as the WE, and a silver/silver chloride (  A g / A g C l  ) RE (silver/silver chloride refillable RE—6 mm dia, Redoxme AB, Norrköping City, Sweden). The results were compared to the commercial potentiostat DY2100 (Digi-Ivy, Inc., Austin, TX, USA), which acts as a reference device.




2.2.3. Photoelectrochemical Analysis


For the PEC experiment, CuO nanorods (NRs) were used as the WE, because of promising characteristics for sensor applications, particularly in the photoelectrochemical sensing technique. In particular,   C u O   exhibits semiconductive properties with a narrow bandgap, allowing it to utilize visible light for biosensing. This is advantageous compared to materials like zinc (II) oxide and tin (IV) oxide, which possess wider bandgaps and require UV light for excitation, which can be detrimental to biological elements in the test. Furthermore,   C u O   is a cost-effective and widely available material for the testing experiment. The CE and RE were the same as those used previously. The PEC experiment used the photoamperometry technique, where a constant potential of −0.2 V was applied to the cell. The excitation light cycled on and off every 60 s with a pulse width of 30 s, following a quiet time of 150 s. The excitation wavelength was chosen based on the absorbance spectrum of   C u O   NRs.



The PEC sensing process essentially requires a photoactive material where the reaction occurs on its surface after the excitation light is harvested. As mentioned, this report used   C u O   NRs as a photoactive material due to their semiconductive properties and their capability to harvest visible light. The   C u O   NRs were synthesized using the hydrothermal method. Briefly, a 50 mL solution of 0.1 M copper (II) nitrate (  C u   ( N  O 3  )  2   ) (≥99.5%, Merck KGaA, Darmstadt, Germany) was first prepared before adding 0.8 g of sodium hydroxide (  N a O H  ) (≥99%, Merck KGaA, Darmstadt, Germany). The pH of the mixture was adjusted to 7 using   H N  O 3    (Merck KGaA, Darmstadt, Germany), and then, stirred for 30 min. After that, the prepared mixture was subjected to hydrothermal annealing at 180 °C for 18 h. The resulting mixture was rinsed and centrifuged to obtain the sample   C u O   NRs that were finally spray coated on to the   I T O   electrode. The properties (crystal structure, morphology, and absorbance spectrum) of the   C u O   NRs were also evaluated.






3. Results and Discussion


3.1. Hardware System Characteristics


The main hardware system consists of three fabricated printed circuit boards (PCBs), shown in Figure 5. The first PCB (Figure 5a) is a four-layer potentiostat circuit that controls light excitation using a 9-volt battery for power. The current source circuit is connected via a 4-wire bus to control the DAC (Figure 5b), which in turn regulates the output current supplied to the monochrome LED array in the third PCB (Figure 5c).



Figure 6 illustrates the current measurement range and accuracy of the measurement system described in this report. The black data points represent the correlation between the theoretical current values calculated using Ohm’s law (  I ideal  ) and the average of measured current values (  I mean  ) presented on a logarithmic scale. The system exhibits a wide measurement range, spanning from 1 nA to 18 mA, with a relative standard deviation (RSD) shown by the red points consistently below 1%. However, for current values below 1 nA the RSD increases above 1%. In particular, the RSD for a current of 0.1 nA exceeds 10%. In simpler terms, the designed system offers high current measurement precision in the range of 1 nA to 18 mA, with a precision of 99%. This relationship is further corroborated by the fitted line (blue line) in Figure 6a, which has a slope of 0.99917 and an intercept of −0.00369, with an R-square value close to 1, indicating a strong correlation. The precision of the designed circuit is evaluated by the accuracy of testing the array resistor and its intrinsic precision. In this case, current values from 10 nA to 18 mA have a tolerance below 1.01% of the range due to the 0.1% tolerance of the tested resistors, with values ranging from 100  Ω  to 100 M Ω .



The laboratory-designed system demonstrates significant promise for practical applications by achieving high precision in the 1 nA range, a crucial requirement for highly sensitive biosensors. In an electrochemical biosensor for the detection of glycerin that uses amperometry techniques the current difference between 0 mM and 25 mM only reaches around 25 nA [58]. A measurement device lacking sufficient resolution would not be able to detect such a low limit. Minimizing circuit interference and noise is critical for achieving measurement precision. This requires careful circuit design techniques and the selection of appropriate components. The chosen TIA LMP7721 plays a vital role in low-current measurement due to its exceptionally low input bias current of 3 femtoamperes. This characteristic makes it ideal for converting low currents to voltages. Additionally, the chosen ADC ADS122C04 allows for digital filtering of the 50/60 Hz power line noise, further reducing interference. However, the circuit design itself is paramount for optimal performance. The implementation of a guard region around the analog signal region isolates the analog circuitry from the activity of the MCU and other digital components on the same circuit board. In addition, a 4-layer PCB layout was employed, where the signal layer is placed between two dedicated ground planes on the outer layers. These design choices effectively reduce white noise from temperature, high-frequency noise from the digital components’ activity, and power line interference, contributing to the system’s high-precision capability.



Figure 6b shows the spectrum of the excitation LED light source in this report. It has seven wavelengths: 385 nm, 405 nm, 470 nm, 525 nm, 590 nm, 630 nm, and 720 nm. The largest full width at half maximum (FWHM) is 37 nm, observed at the 470 nm wavelength. A wide selection of excitation LEDs allows the selection of wavelengths appropriate to the sensor material that is being investigated with PEC measurements. Table 1 compares several potentiostat systems designed for electrochemical and photoelectrochemical systems in recent years, including the available electroimpedance spectroscope (EIS) measurements.




3.2. Electrochemical and Photoelectrochemical Experiment Characteristics


3.2.1. Electrochemical Experiments


Figure 7 presents the results of the EC measurements using a    K 3  F e   ( C N )  6  /  K 4  F e   ( C N )  6    solution in 0.1 M   K C l  . Data from our system (red line, red data points) are compared to a reference commercial device (black line, black data points). Figure 7a depicts cyclic voltammograms for 10 mM    K 3  F e   ( C N )  6  /  K 4  F e   ( C N )  6   , with the anodic peak current (ipa) used for evaluation. Figure 7b shows chronoamperograms for 1 mM    K 3  F e   ( C N )  6  /  K 4  F e   ( C N )  6   , where the difference in current density between the pre-pulse and steady-state current serves as the evaluation metric. The EC measurements demonstrate consistent results between the two devices, with minor deviations observed at some concentrations.



The couple of the ferricyanide ion (  F e   ( C N )  6  3 −    ) and ferrocyanide ion (  F e   ( C N )  6  4 −    ) serves as a well-defined redox system in these electrochemical experiments. The reaction depicted in Equation (1) represents the reversible reduction of   F e   ( C N )  6  3 −     to   F e   ( C N )  6  4 −     (forward reaction) and the corresponding oxidation process (reserve reaction).


  F e   ( C N )  6  3 −   +  e −  ⇄ F e   ( C N )  6  4 −    



(1)







The CV experiment offers a valuable tool to probe the electrochemical behavior of this redox couple. As the applied potential is positively scanned during a CV experiment,   F e   ( C N )  6  3 −     undergoes oxidation on the surface of the electrode, resulting in a characteristic ipa on the voltammogram. In contrast, when the potential scan is reversed,   F e   ( C N )  6  4 −     reduction occurs at the electrode, leading to a cathodic peak current (ica). Although the CA provides complementary information. Applying a potential of −0.4 V in a CA experiment favors the reduction of   F e   ( C N )  6  3 −     due to its more negative reduction potential compared to the oxidation potential of   F e   ( C N )  6  4 −    . The concentration of the   F e   ( C N )  6  3 −    /  F e   ( C N )  6  4 −     couple significantly affects both CV and CA experiments. Increasing the concentration in CV experiments leads to higher peak currents (ipa and ica) due to the greater availability of redox species for reactions in the WE. Similarly, in CA experiments, a higher concentration results in a higher initial current but a slower current decay due to the larger initial pool of   F e   ( C N )  6  3 −     available near the electrode surface, which takes longer to deplete. Consequently, the differential current density of the initial stage and the steady stage after 2 s increases according to the increase in   F e   ( C N )  6  3 −    /  F e   ( C N )  6  4 −    . In this study, both commercial and developed devices exhibited a linear increase with increasing    K 3  F e   ( C N )  6  /  K 4  F e   ( C N )  6    concentration. However, the deviations in the results, as clearly shown in Figure 7b with the commercial device’s slope value of 0.2498 (black line) and the slope value of the developed device of 0.2182 (red line), could potentially arise from slight variations in asynchronous experimental setups or electrode positioning.




3.2.2. Photoelectrochemical Experiment


Figure 8 presents the characterization of the synthesized   C u O   NRs used as the WE in the PEC measurements. The   C u O   characterization results comprise (a) the X-ray diffraction (XRD) pattern, confirming the crystal-line of synthesized   C u O   NRs; (b) the UV–vis spectrum of   C u O   NRs with an inset depicting the Tauc plot for bandgap determination based on light absorption properties; and (c,d) scanning electron microscope (SEM) images revealing the morphology of the synthesized   C u O   NRs. The XRD pattern confirms the synthesized material is CuO. The pattern (Figure 8a) matches the characteristic lattice peaks of   C u O   referenced in the Crystallography Open Database (COD ID: 1011148). The experimental peaks are observed at positions close to 32.51° (110), 35.64° (002), 38.60° (111), 48.69° (112), 53.67° (020), 58.47° (202), 61.57° (113), 68.21° (220), and 75.29° (004). The UV–vis spectrum (Figure 8b) reveals a strong light absorption region for   C u O   NRs between 400 nm and 550 nm, indicative of its absorbance property. The Tauc plot analysis of the absorption spectrum yields a bandgap energy of 1.31 eV for the synthesized   C u O   NRs. In particular, the bandgap energy of   C u O   is known to vary depending on morphology (petal-like: 1.73 eV; bulk: 1.2 eV; ellipsoid-like: 1.371 eV; plate-like: 1.447 eV; boat-like: 1.429 eV; flower: 1.425 eV) [65]. This value falls within the reported range for various   C u O   morphologies documented in the literature [65], suggesting a good agreement with previous findings. The SEM analysis (Figure 8c,d) reveals that the synthesized   C u O   material exhibits a morphology dominated by rod-like structures with some interwoven particles.



The absorption spectrum and bandgap analysis (Tauc plot) of the   C u O   photoactive material identified a 405 nm monochrome LED as the optimal excitation source for PEC measurements. Figure 9a depicts the photocurrent response (red line) of the system containing 5 mM    K 3  F e   ( C N )  6  /  K 4  F e   ( C N )  6    measured over 750 s. The black line represents the baseline current measured during the “OFF state” (no light excitation). The difference between the “ON state” (light excitation) and “OFF state” currents signifies the photocurrent generated by light-induced redox reactions. As illustrated in Figure 9b, increasing the concentration of redox species in the electrolyte solution leads to a corresponding increase in the observed negative photocurrent density. This phenomenon is primarily attributed to the concentration dependence of the   F e   ( C N )  6  3 −     reduction reaction. Under light excitation, the   C u O   photoelectrode absorbs photons, promoting electrons to the conduction band. These photo-generated electrons then participate in the reduction reaction at the WE. The   F e   ( C N )  6  3 −     ions in the solution act as electron acceptors, undergoing reduction to   F e   ( C N )  6  4 −     according to the forward reaction in Equation (1).



As the concentration of   F e   ( C N )  6  3 −     increases, the number of electron acceptors available increases proportionally. This leads to greater participation of photo-generated electrons in the reduction reaction, consequently generating a higher magnitude of negative photocurrent density. This PEC measurement setup effectively demonstrates the fundamental principle of a PEC sensor using    K 3  F e   ( C N )  6  /  K 4  F e   ( C N )  6    as a target analyte and   C u O   as the photoactive material. In this PEC experiment, although the photocurrent density obtained is not as high as the signals in EC measurements due to the different WE electrodes (hundreds of nA·  cm  − 2    compared to mA·  cm  − 2   ), the results of the PEC experiment show the ability to test on real samples with ultrahigh sensitivity when combined with other more photoactive materials in other experiments and target species.






4. Conclusions


The development of versatile measurement systems is crucial to the advancement of both EC and PEC sensor technologies, which are highly dependent on advances in materials science. This work presents a novel and versatile measurement system that is applicable to both types of sensors. The system incorporates a potentiostat circuit with a current measurement range of 1 nA to 18 mA and a high precision of 99%. It also features an external excitation light source comprised of seven monochrome LEDs with user-selectable wavelengths (385 nm, 405 nm, 470 nm, 525 nm, 590 nm, 630 nm, and 720 nm). The power for these LEDs is supplied by a current source controlled by a DAC signal. The experiment chamber, designed to investigate various EC and PEC sensor materials with sample volumes below 2 mL, facilitates easy experimentation and saves the sample solution. The wireless measurement system communicates via BLE with the Android-based user interface, where measurement results are stored as CSV files on the device’s memory. Furthermore, to demonstrate the system functionality for PEC applications, we employed   C u O   as the photoactive material and   F e   ( C N )  6  3 −    /  F e   ( C N )  6  4 −     as the target analyte for a representative experiment. The development of this flexible EC-PEC system lays the foundation for further research on these promising sensor technologies. One potential application could involve comparing the sensing properties of different materials in electrochemical and photoelectrochemical techniques for a specific target object, comparison of the effectiveness of each method in this scenario and demonstration of the advantages of one approach over the other.
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Figure 1. The working principle of EC-based and PEC-based sensors. 
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Figure 2. The conceptual EC−PEC system includes (1) potentiostat; (2) EC-PEC experimental chamber; (3) monochrome excitation light source; and (4) Android−based user interface. 
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Figure 3. Schematic of the designed circuits: includes the schematic of excitation light source and the schematic of potentiostat circuit. 
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Figure 4. The designed EC-PEC chamber with the assembled cell (a), the top view (b), and its components (c). 
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Figure 5. The fabricated PCB circuits: (a) potentiostat circuit, (b) current source controlled by DAC, and (c) monochrome LED array. 
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Figure 6. (a) The correlation between the mean of measured current and the theoretically calculated current (black points) with its RSD (red points) and (b) the spectrum of the designed excitation monochrome LED source. 
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Figure 7. (a) Cyclic voltammogram of 10 mM    K 3  F e   ( C N )  6  /  K 4  F e   ( C N )  6    in 0.1 M   K C l   solution. The inset shows the ipa dependence on the concentration of    K 3  F e   ( C N )  6  /  K 4  F e   ( C N )  6   . (b) Chronoamperogram of 1 mM    K 3  F e   ( C N )  6  /  K 4  F e   ( C N )  6    in 0.1 M   K C l   solution. The inset depicts the dependence of the differential current density between the pre−pulse state and the steady−state current following the pulse on the concentration of    K 3  F e   ( C N )  6  /  K 4  F e   ( C N )  6   . 
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Figure 8. (a) XRD pattern, (b) UV−VIS spectrum with inset of Tauc plot, and (c,d) SEM images of the synthesized   C u O   NRs. 
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Figure 9. (a) Photo−amperogam of 5 mM    K 3  F e   ( C N )  6  /  K 4  F e   ( C N )  6    in 0.1 M   K C l   and (b) the cycle in ON−time excitation period of 450 s to 480 s with various concentrations of    K 3  F e   ( C N )  6  /  K 4  F e   ( C N )  6   . 
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Table 1. Features comparison of P-EcStat to some lab-made potentiostat platforms for EC and PEC measurements in recent years.
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	Designed System
	Measurements
	Number of Integrated Lights
	Current Range
	Supported EIS
	Software Interface
	Wireless Communication





	P-EcStat (this work)
	EC-PEC
	7
	1 nA–18 mA
	✠
	Android-based
	BLE



	Shi et al. (2023) [55]
	PEC
	3
	✠
	✠
	Smartphone-based
	Bluetooth



	Li et al. (2022) [59]
	EC-PEC
	1
	✠
	✠
	Smartphone-based
	Bluetooth



	Scott et al. (2022) [54]
	PEC
	4
	±10 µA
	✠
	Android-based
	BLE



	Anshori et al. (2022) [60]
	EC
	✠
	±300 µA
	✠
	Android-based
	Bluetooth



	Bott-Neto et al. (2021) [53]
	PEC
	1
	✠
	✠
	✠
	✠



	Cordova-Huaman et al. (2021) [61]
	EC
	✠
	±225 µA
	✠
	Android-based
	Bluetooth



	MYSTAT (2021) [50]
	EC
	✠
	±200 mA
	✠
	Windows/OSX/Linux
	✠



	Matsubara Y. (2021) [57]
	EC
	✠
	100 mA
	✓
	Labview-based
	✠



	Bianchi et al. (2019) [62]
	EC
	✠
	✠
	✓
	✠
	Wifi cloud-based



	MiniStat (2019) [63]
	EC
	✠
	±225 µA
	✠
	✠
	✠



	KAUSTat (2019) [64]
	EC
	✠
	±500 µA
	✠
	Smartphone-based
	BLE



	ABE-Stat (2019) [52]
	EC
	✠
	✠
	✓
	Android-based
	Wifi







✓ Supported feature. ✠ Unsupported/unpresented/undefined feature.
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