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This article briefly outlines the history of a multi-year study based on a physical-technical approach to electrochemical sensors and primary information converters (transductors). The main goal of the study is to increase the volume of objective information in the electroanalytical signal. It is shown that this can be achieved by increasing the number of degrees of freedom of the signal from one to three. Such a 3D analytical signal is a digital, exclusive electrochemical pattern of the sample.
Electrochemical interactions are the essence of living matter. It is shown that even a simple three-electrode electrochemical cell can yield a very large volume of information in the form of a digital, exclusive electrochemical pattern.
The developed prototypes of operational devices, their key parameters, and methods that can be effectively used with the Lab-on-Layered-System, a technological 3D platform for portable complete analytical systems with a disposable cartridge, are presented. The combination of a 3D digital analytical signal and innovative 3D sensor technology can yield promising results for the creation of portable and remote point-of-care devices.
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Introduction
Exactly thirty years ago, as a senior researcher at one of Russia's federal nuclear centers, I became the project manager (part-time) for the development of electrochemical analyzers for environmental monitoring. Project #342-96, funded by the International Science and Technology Center (ISTC), envisioned the development of two electroanalytical instruments over three years, in two stages of 18 months each: a portable analyzer for natural water analysis, and a flow-through electrochemical system for monitoring industrial wastewater.

The scientific direction of the project was provided by Professor Khyena Zalmanovna Braynina, Doctor of Chemical Sciences and a highly respected expert in the field of electro analytics.

The project's goals were quite ambitious. The first stage involved creating an autonomous field water analyzer for copper, cadmium, and lead. Ideally, the analysis process was envisioned to be fully automated, except for sample preparation. Detection thresholds for the target analytes, heavy metal ions, were planned to be significantly lower than the maximum permissible concentrations in natural water bodies.

About sixty people from three Russian organizations joined the project: experienced electrochemists, design engineers, electronics and software developers, and metrologists. The painstaking, arduous work began, primarily on the technical specifications. The engineering issues were easily resolved, but the electrochemical component presented challenges, despite three years of my experience working with chemists during my postgraduate studies in the Department of Physical Chemistry at Moscow State University's Faculty of Chemistry. My Moscow supervisor assured me that there existed a chemical and a physical way of thinking, based on different paradigms. Even at the methodological seminars of the Department of Physical Chemistry, debates among distinguished professors sometimes flared up, to the point that the subject of chemistry as such didn't exist, only the physics of atoms and molecules.

Without diving into the intricacies of analytical electrochemistry, it should be noted that this branch of electrochemistry requires a multidisciplinary approach. I hoped that, with my background in physics and engineering, I would be able to tackle problems in this field.

Development proceeded according to plan, however, somewhere in the middle of the first stage, it became clear that it was impossible to integrate an algorithm into an automated instrument that could even replace the knowledge and experience of a laboratory technician, let alone a graduate student or PhD candidate. Automation is widely used in routine analysis, but what about, for example, analysis of natural waters, whose composition is a priori unknown?

The technical specifications relied on the widely used method of inversion voltammetry (IVA). The method has many advantages in routine analysis but is unlikely to be applicable to the analysis of multicomponent liquids of unknown composition. It requires calibration, background subtraction, and curve smoothing. It is impossible to exclude charge-discharge currents of the electric double layer. The problem of the so-called "chemical" current remains unresolved.

During patent research, a promising method was discovered by the team of Swedish professor Daniel Jagner[endnoteRef:1]. With the consent of the research supervisor, the core team of developers focused on a universal device based on the IVA method but also capable of using alternative methods. Meanwhile, the author, with a team of three specialists, would work on a promising solution free of the IVA method's shortcomings. [1:  Jagner D, Wamg Y, Ma F. Automatic chemical current determination in coulometric stripping potentiometry facilitating calibration-free trace metal determinations. Electroanalysis 1996, 8,0	. https://doi.org/10.1002/elan.1140081003] 

1996-1999: Development of the automatic electrochemical water analyzer (Analyzer Scanning Coulometric, ASC) ASC-2000[endnoteRef:2]. [2:  Sokolkov S, Zagorodnyuk P. Portable Electrochemical Analyzers. State of Art and Prospects. Russ. Chem. J. (J. Mendeleev Russ. Chem. Soc.) 2001, 45, 5–6.] 


In addition to the above-mentioned shortcomings, the IVA method also has the same problems and shortcomings as other methods.

For example, why don't electrochemists use large-area electrodes? After all, the larger the surface area of the working electrode, the higher the conversion coefficient, defined as the ratio of the mass of the desired component that has reacted to the mass of the component in the sample. The higher this coefficient, the stronger the analytical signal. However, in the Jagner’s group method, the conversion coefficient reaches 90%.


Fig. 1. The first chronopotentiograms using the Jagner method.

The novelty of Jagner's electrochemical analysis method lay in the addition of two or three oxidation scans to the well-known constant-current chronopotentiometry method, which made it possible to determine the "chemical" current. The second innovation is a miniature electrochemical cell on the end of a vibrating rod, which enables record-breaking conversion coefficients. We began by replicating Jagner's algorithm, using 10-20 sequential scans in oxidation mode instead of 2-3.

As physicists, we decided to approach the problem from the perspective of classical thermodynamics, while also considering information thermodynamics. An electrochemical cell is an open thermodynamic system.

Next, we decided to combine the oxidation and reduction processes into a single cycle. The duration of each subsequent cycle decreased over time, asymptotically approaching a certain value. The cessation of period changes indicated that the system had reached a certain kinetic equilibrium. We will call this state of the system forced quasi-steady-state.

Considering that the system is essentially nonlinear, we used a small impact method, radically reducing the scanning range to a few millivolts. The Jagner’s method has a scanning range of approximately 200 millivolts.

Next came the circuit designers, who selected precision analog micro circuits. Using a computer stand and the first prototype circuit, we tested the analysis algorithm on a standard laboratory cell. The staff of Braynina's laboratory provided significant assistance with this by making an electrochemical cell and the necessary chemicals available.

Next, we developed a prototype analyzer and a miniature cell design based on the cell design in Braynina's laboratory. We ordered a small series (300 units) of sensors, manufactured at a serial production facility using thick-layer offset printing technology. We also manufactured a cell holder with a magnetic stirrer.

	
	

	Fig. 2. Electrode system.
	Fig. 3. Three-electrode cell with a magnetic stirrer and protective cap. Open thermodynamic system.



We began experimentally testing the analyzer on standard samples. The results were encouraging. Then something went wrong. We took it to Braynina's lab for a "demonstration" of our success, but the device wasn't working, producing some chaotic curves. A complete failure!

We brought the analyzer back, began to investigate, and discovered that in accumulation mode, the potentiostat, instead of a constant potential, was producing a sawtooth curve. Then I remembered that before the trip, we had decided to "improve" the sensor's connection circuit. And we had our reasons. The sensor's working and auxiliary electrodes have two terminals. The auxiliary electrode's terminals are shorted, while the working electrode only has one terminal connected to the analyzer. The electrodes are long and have a noticeable distributed resistance of about 300-500 Ohms. Because of this, the potential at the working electrode can decrease along the electrode due to the voltage drop across the electrode's resistance.

The same problem exists in strain gauges, but it is eliminated by using a four-wire connection.
We reverted to the original connection, but our reputation suffered... But as a bonus, we received an answer to the question about large-area electrodes.

Since the horseshoe-shaped working electrode is a fairly long strip, it has its own distributed electrical parameters—resistance and capacitance. It effectively becomes a distributed RC circuit. Such a circuit is a delay line with nonlinear capacitance[endnoteRef:3]. If such a circuit is connected to a circuit maintaining the electrode potential (potentiostat), we obtain a sawtooth voltage generator. Analyzing such circuits with distributed nonlinear parameters is a very complex task, especially if the distributed parameter is nonlinear capacitance. Such a problem can only be solved mathematically correctly with current control. [3:  Scott A.C. Active and Nonlinear Wave Propagation in Electronics; John Wiley & Sons Inc.: Hoboken, NJ, USA, 1970.] 


First conclusion: it is possible to use large-area electrodes, but only under current control.

Fig. 4. Water analyzer ASC-2000

The electrochemical cell as a primary information converter.
A phenomenological model based on classical thermodynamics and the thermodynamics of information processes.

"All physical theories simplify reality by abstracting it; this is necessary because reality is terribly complex. Physical theories are judged by their simplicity and the accuracy of their predictions"[endnoteRef:4]. [4:  Feinstein, David I. (1986) Relating Thermodynamics to Information Theory: The Equality of Free Energy and Mutual Information. Dissertation (Ph.D.), California Institute of Technology. doi:10.7907/XVQB-7902. https://resolver.caltech.edu/CaltechTHESIS:03212013-084718067] 


To simplify the model, we will rely on the analogy of several mathematical formulas linking both thermodynamics. We will also use the idealization of thermodynamic processes, the isotherm, the adiabatic curve, and the Carnot cycle...

We will use several conclusions from thermodynamics of information processes:
The equivalence of information and entropy: Information is "negative entropy" (negentropy).
To obtain information about a system, its physical entropy must be reduced, for example, by transferring the system from an equilibrium state to a significantly nonequilibrium one.[endnoteRef:5] [5:  . Szilard L. (1964), On the decrease of entropy in a thermodynamic system by the intervention of intelligent beings. Syst. Res., 9: 301-310. https://doi.org/10.1002/bs.3830090402] 

Information is created during the system's return to equilibrium.
Time is an information channel.
Signal-to-noise ratio: Fluctuations exist in an electrochemical system. They create Johnson-Nyquist thermal noise—equilibrium noise caused by the thermal motion of charge carriers. In addition, there is shot noise due to the discrete nature of the charge. To improve the signal-to-noise ratio, according to classical thermodynamics, energy dissipation must be reduced.
The coulometry method allows one to directly estimate the amount of information based on the number of electrons in a Faraday charge, conventionally equating one bit to one electron charge.

Let's also introduce a few terms:
Kinetic equilibrium is a forced state of a system.
A quasi-steady forced state of a system is a local entropy maximum.
The Red/Ox cycle consists of two stages—reduction and oxidation.
If the period of repeating Red/Ox cycles changes while amplitude and current remain constant, this is a non-stationary process. Otherwise, the cyclic process is stationary.

Fig. 5. The instrument's front panel. There are no controls other than the Reset button.

Four modes are used for analysis:
Oxidation of the working electrode.
Reduction – electrochemical cleaning of the working electrode – performing several sawtooth cycles in potentiostatic mode.
Accumulation in potentiostatic mode with a specified working electrode potential.
Measurement – 128 oxidation-reduction cycles. The number of cycles is set by software.
Let's consider all modes from the perspective of thermodynamics of information processes:
Modes 1 and 2 are not of interest, as they are purely technological modes.
Mode 3 “Accumulation” allows the accumulation of metal cations on the surface of the working electrode, which significantly increases the information yield of the analysis. It was first used in 1952[endnoteRef:6]. The longer the accumulation time and the more intense the sample mixing, the lower the detection limit of the analytes. During the accumulation process, the system's entropy decreases (global maximum). Some ions transform into a solid state. [6:  Barker GC, Jenkins IL Square-wave polarography. Analyst 1952, 77, 685–696.	 https://doi.org/10.1039/AN9527700685 ] 


Mode 4 “Measurement” is the mode in which the lost entropy is converted into information. The trajectory along which the system returns to its initial state is crucial. The algorithm forces the system to move in the vicinity of a given potential (u1), performing Red-Ox cycles within a narrow potential range (Δu). Typically, 128 cycles are sufficient for the system to transition from a non-stationary process to a quasi-stationary state, reaching a local entropy maximum. Each Red/Ox cycle contributes to the analytical signal, increasing it. This also increases the volume of information obtained. This technique later became known as Red/Ox amplification. It is typically used with bipolar electrodes, such as raster electrodes in microsystems[endnoteRef:7]. A recent article has developed a theory of Red/Ox amplification processes on two polarized electrodes[endnoteRef:8].  [7:  Liua Yi, Arjuna AM, Webb S, Wolfe M, Chavezb JL, Swami NS. Redox cycling-based signal amplification at alkanethiol modified nanoporous gold interdigitated microelectrodes. Analytica Chimica Acta, v.1316, 8 Augusta 2024. https://doi.org/10.1016/j.aca.2024.342818]  [8:  Asanza JL, Garcia AJM, Hernandez-Tovar JV, GonzalezJ MA, Laborda E. Redox Cycling in Two-Polarized Electrode Sensors: Diagnostic Insights Guided by Theory. ASC Measurement Science Au. 2026 6(2), 553563.https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmeasuresciau.6c00024&ref=pdf] 


[image: C:\Users\Sergey\Documents\Европейское медицинское общество\Статья\Готовые рисунки\Fig-4.Time diagram illustrating the analyzer operation algorithm.jpg]
Fig. 6

Another advantage of this trajectory is the ability to automatically construct a background line. It passes through all points of the system's quasi-steady-state conditions. This line marks the boundary between the interests of chemistry and physics. Everything above this line is analytical electrochemistry, and everything below it is electrical engineering. Using this line, the equivalent parameters of the sensor can be estimated using the laws of electrical engineering.

First, we minimize the equivalent circuit of a three-electrode cell to a simple two-electrode circuit consisting of two nonlinear elements: differential resistance and differential capacitance. Using the final cycles, we calculate the differential capacitance of the electrical double layer and the equivalent differential resistance of the sensor. In turn, the effective area of the working electrode is estimated based on the capacitance of the electrical double layer.

These parameters, important for testing the state of the cell and the working electrode, are calculated programmatically and recorded in the data.

	
	

	a)
Charge matrix, oxidation mode, oxidation current 200 μA. The background line is plotted automatically.
	b)
Charge matrix, reduction mode, reduction current 200 µA. The background line is plotted automatically.

	
	

	c)
Charge matrix, oxidation mode, oxidation current 20 μA.
	d)
Charge matrix, reduction mode, reduction current 20 µA.

	


	f) Result of subtracting the reduction matrix from the oxidation matrix.



Fig. 7. Examples of 3D analytical signals; all potentials are relative to the silver chloride reference electrode.

Explanation of Figure 7.
In Figures 7a and 7b, the measurement process has ended because the amplitude of the final cycles remains virtually unchanged, indicating that the system has reached a quasi-steady state. This means that the current magnitude of 200 μA was sufficient to complete 128 Red/Ox cycles.

In Figures 7c and 7d, the process has not ended, and the measurement program has terminated; the 128 cycles specified in the algorithm are insufficient. A current of 20 μA proved to be too low to fully complete the measurement.

This is because the current determines the rate of potential change and, in effect, the total measurement time. The higher the current magnitude, the shorter the total measurement time and the less information in the signal. If more information and a high degree of detail are required, the current should be reduced, and a longer measurement should be undertaken.

Figure 7f shows the matrix obtained by subtracting the reduction matrix from the oxidation matrix. An anomalous peak was detected around -0.25 V, increasing during the measurement process. This peak is not visible on the original matrices. It is possible that intermetallic compounds have begun to form on the working electrode.

Conclusions:
The method is effective, and the detection threshold is extremely low. The amount of information is large and increases in direct proportion to the measurement duration.



Disadvantages of the analyzer:
The measurement algorithm requires some refinement; for example, linking the number of Red/Ox cycles to the current value could be beneficial.
The low conversion efficiency of the working electrode is due to the small surface area and ineffective sample mixing.
A radical solution to this problem requires switching to flow-injection analysis with a permeable working electrode.

2004-2005: Development of an electrochemical detector for high performance liquid chromatography (HPLC).

In early 2004, the Russian Foundation for Assistance to Small Innovative Enterprises in Science and Technology announced the "Start-2004" competition for the best scientific and technical developments. By this time, we had already conceptualized a flow-through electrochemical detector. The only problem was finding an effective permeable working electrode. We studied electrochemical detector designs and working electrode materials. The picture was bleak: ineffective detection modes and electrodes with low conversion efficiency. But luckily, a small USA company, ESA Inc., produced a line of unique electrochemical detectors for HPLC.


Fig. 8. The design of a cell with one working electrode (ESA Inc. website).


Fig. 9. Dual cell 5010A, P/N70-5560 S/N 5010A-029.
For development, we decided to use a dual coulometric cell 5010A from ESA Inc. We were able to purchase such a cell, but the brief technical documentation didn't provide any information about the connector to which the cell was connected. We requested a connector diagram, and the seller sent us a diagram of a standard cable for connecting to a proprietary detector.

We solved the problem by taking two X-ray images from different angles, which allowed us to locate the leads of all the electrodes and, at the same time, estimate the thickness of the working electrodes.

The cell has two solid-state palladium reference electrodes and two auxiliary electrodes. Between these electrode systems are two working electrodes made of carbon material with multiple longitudinal submicron channels. The working electrode, a cylindrical 4 mm in diameter and 6 mm in height, has a large surface area due to its multiple axial channels. The channel diameter was estimated based on the electrode's electrical capacitance, and it turned out to be approximately 0.5 µm. This explains the conversion efficiency of this working electrode, which is ~99%.

The manufacturer used the cell in coulometric mode, measuring the current through the working electrode at a fixed potential. At the time, the 5010 and 5011 series cells were considered the "gold standard" of HPLC systems.

In the early 2000s, this company became part of Thermo Scientific™ Dionex™. Interestingly, the company had been successfully using 3D chromatography since 1993, introducing an array of electrochemical cells (up to 16 cells) sequentially connected in the chromatograph's hydraulic circuit.[endnoteRef:9] This was a significant breakthrough in HPLC.[endnoteRef:10] It's unclear why the company abandoned the use of array detectors; perhaps due to the high hydrodynamic resistance of the cells, which required extremely high pressure. Against this backdrop, our simple and inexpensive detector would have been a reincarnation of the array detector. [9:  Svendsen C.N. Multi-electrode array detectors in high-performance liquid chromatography: a new dimension in electrochemical analysis. An International Journal of Analytical and Bioanalytical Science. Review Article. The Analyst, 1993, 118(2), 123 – 129, DOI: 10.1039/AN9931800123]  [10:  Acworth, I.N.; Bowers, M. An introduction to HPLC-based electrochemical detection: From single electrode to mufti-electrode arrays. In Progress in HPLC; Acworth, I.N., Naoi, M., Parvez, S., Parvez, S., Eds.; VSP: Utrecht, The Netherlands, 1996.] 


Building on the previous constant-current chronopotentiometry mode, we added the ability to set the current value for each potential interval. The analytical signal is generated by time intervals, which carry information about the average rate of change of the working electrode potential. A specific current value is set for each potential interval, up to current inversion, and the entire cycle is closed. This ensures cyclic cell operation. The product of the interval duration and the set current determines the charge. This mode was called scanning cyclic coulometry (similar to the "scanning" mode of the ASC-2000 analyzer).

Fig. 10. Prototype Faraday-5104 Electrochemical Detector for HPLC Systems

The device is based on the concept of a gadget—it has no controls. The detector prototype consists of a microprocessor controller connected via universal serial bus (USB) to a host computer. Detector operation and measurement results are controlled by custom software components that utilize Microsoft Excel and the FT8U245BM interface device driver to implement the necessary functionality. The software components are executable files (Dynamic link library, DLL) for the Microsoft .NET platform.
This solution allows for setting control parameters directly from a Microsoft Excel spreadsheet and recording results in real time.
This solution allows you to set control parameters directly from a Microsoft Excel spreadsheet and record results in real time.
The real-time 3D analytical signal contains an unprecedented amount of information about the sample being analyzed. The detector can be described as a "spiral-scan electrochemical tomograph" for flow-injection analysis.
A patent has been granted for the electrochemical analysis method.[endnoteRef:11] [11:  Sokolkov, S.V. Electrochemical Analysis Method. PCT WO 2007/035130 A1, 29 March 2007] 

We tested the detector on stationary samples with a laboratory three-electrode cell. We obtained a stable and pure analytical signal.

The most challenging stage of the project was testing the detector's performance on a modern chromatograph HPLC. Firstly, the number of chromatographs on which the detector could be tested could be counted on one hand. Secondly, equipment of this class is used almost constantly.

But we were lucky: at the very beginning of the project, while in Moscow, I shared my intentions to develop an innovative electrochemical HPLC detector with former colleagues from the Department of Physical Chemistry at the Faculty of Chemistry of Moscow State University. It turned out that the faculty had recently created an Analytical Center dedicated exclusively to environmental issues. I met and spoke with the head of this center, Oleg Shpigun. He complained about the problem of analyzing highly toxic rocket fuel components in natural samples, especially water. The Center's HPLC electrochemical detectors were unable to reliably detect rocket fuel components.

We signed a cooperation agreement, which included testing of the detector at the Analytical Center.
The detector tests were conducted from July 2 to July 6, 2005. The students were on summer break, and the faculty activity was relatively quiet. Nevertheless, I was able to access the modern chromatograph only on Saturday, July 2. One of the graduate students working on it assisted me. Preparing the chromatograph for analysis is a slow process: connecting and flushing the column takes between one to two hours. Connecting the detector and testing the hydraulic circuit was done quite quickly. I was trying to find a stable measurement mode for the mobile fraction, without sample injection yet. I had to select eight parameters while monitoring the process. Towards the end of the first day, I managed to find a stable mode. We decided to inject a sample. But as soon as the injector triggered, the detector completely failed. After considering the situation, we decided that turning on the injector was creating a hydraulic wave, causing the detector to fail. It wasn't until late that evening that we finally managed to resolve this issue. We agreed to continue the work next day.

On Sunday morning, we continued testing. We managed to ensure that the injector triggered a fast, but not fatal, short-term response. We injected a sample of the initial concentration, and when the sample front arrived (dead time), the detector overloaded and malfunctioned. We turned off the detector and rinsed the column for another hour. We repeated the experiment and got the same result. We diluted the sample tenfold, and finally, two detector channels started working, recording a curve resembling a chromatogram. And yet, we won: that evening we obtained an 8-channel chromatogram. We had no access to the chromatograph during workdays.

In his conclusion on the detector tests, Professor Shpigun, head of the Moscow State University Analytical Center, wrote: 
"Unfortunately, lack of time and, consequently, the small scope of experiments did not allow us to determine the metrological characteristics of the detector prototype. Nevertheless, the obtained results allow us to evaluate this development as very promising for practical implementation of chromatographic analysis. Preliminary tests of the detector showed that:
• the detector allows simultaneous measurements with several working electrode potential values;
• the detector provides the ability to operate simultaneously on the "anodic" and "cathode" branches, i.e., in oxidation and reduction mode;
• the detector has a short relaxation time, compared to other electrochemical detectors, determining its readiness for measurement;
• the detector has a detection threshold for hydrazine that is lower than the best domestic detectors.”
Detector test conditions and chromatogram explanation.


	Model sample 
	liquid rocket fuel components diluted in distilled water. The initial concentrations of hydrazine N2H4, methylhydrazine CH3NH-NH, and (CH3)2N-NH2 (UDMH) were 1.6 μM (51.2 μg/L), 0.16 mg/L, and 0.4 mg/L, respectively. 

	Separation column 
	unknown 

	Eluent composition
	ammonium acetate solution, concentration 50 mlM.

	Eluent flow rate
	16.667 μL/s

	Sample volume
	240 μL

	Sample flow time through the detector
	0.113 μL

	Sample flow time through the detector
	15.0 s (rectangular concentration profile).
20-30 s (Gaussian profile)

	Detection cycle duration range
	From 1 to 1000 ms.




Fig. 11. A set of chromatograms obtained in a single experiment on a 10-fold diluted model sample. Two-dimensional mapping is used.

25 seconds (dead time) – the sample front has arrived. From 50 to ~100 seconds, the sample "trail" is the undivided portion of the sample. A peak of either methylhydrazine or asymmetrical dimethylhydrazine is visible against the sample "trail." The region of 250-300 seconds is the individual peak of hydrazine.

Fig. 12. The same family of chromatograms. Three-dimensional mapping was used.

Conclusions:
With this experimental setup, the detector detected all possible components. During testing, a serious problem emerged: cycle instability, a slow drift in the cyclogram position that escalated into an abrupt process failure.

As analysis of the obtained chromatograms showed, the detector recorded a fairly fine structure of the unseparated sample. Apparently, it is possible to use scanning cyclic coulometry mode in flow injection analysis (FIA) without preliminary sample separation. To ensure stable detector operation, it is necessary to understand the causes of the cycle drift.

2007-2010: Study of cycle stability and the feasibility of using a two-electrode cell.
Objectives:
To obtain a stable cycle in a classical three-electrode cell.
To evaluate the analytical capabilities of a two-electrode bipolar cell.

Initial conditions:
The cycle is controlled exclusively by current;
The cycle consists of two processes – oxidation and reduction.

Cycle stabilization is possible if two conservation laws are satisfied: charge and/or energy.
When testing the HPLC detector, we attempted to stabilize the cycle by relying on the law of charge conservation. We initially sought to achieve a symmetrical cycle shape during the passage of the eluent. This could be achieved during column washing without wasting time. We attempted to balance the currents so that the oxidation and reduction charges were equal. This was successful to some extent – ​​high-quality signals were obtained on all eight channels.

However, in electrochemistry, the law of charge conservation often fails, especially with reversible current. The remaining hope was the law of conservation of energy. This proved challenging.

The problem was solved only in 2010. A special setup was created for studying the long-term stability of flow cells.

The idea was to switch a symmetrical bipolar flow cell when the oxidation and reduction work were equal. At this point, the current inversion occurred, and the process repeated, with the electrodes swapping roles. Two digital integrators were each connected to its own electrode, and a digital comparator monitored the processes in real time and, when the balance was reached, switched the current inversion on.


Fig. 13. The setup for studying background line stability and sensor noise level.

Key components of the setup:
A system unit with a DAS-40 analog signal input/output board (Keithley MetraByte Corporation, UK). The computer runs specialized software running on the QNX real-time operating system. The computer is used to set the reference voltages on the integrator and to accurately continuously measure the integral analytical signal in real time;
A control laptop connected to the system unit over the network;
A digital integrator-comparator that sets the cell mode.

[image: C:\Users\Sergey\Documents\Европейское медицинское общество\СФТИ-проточка\DSCN0101.JPG]
Fig. 14. Three-electrode flow cell.


Fig. 15. Sketch of a three-electrode flow cell. Cell parameters: dead volume Vd = 0.39 ml. At a solution flow rate of 0.38 ml/s, dead time td = 9.3 s.

Fig. 16. The X-axis shows time in seconds, and the Y-axis shows interval duration in seconds. With a cycle period of 2.5 s, the dead time is approximately 3.7 cycles.

Experimental results.
The system was tested in bipolar electrochemical cell mode, using only the two outer electrodes and leaving the middle electrode unused.

We were able to stabilize the background line. The background line drift, without detector thermostatting, was reduced to a record level of ±0.1% over 60 minutes for flow cells. The full Red/Ox cycle was also stabilized, but a noticeable difference in the duration of the oxidation and reduction processes appeared. An asymmetry in the shape of the full cycle also emerged. This may be due to the differences in the working surface areas of the electrodes. We were also unable to fully test the setup's most important component, the bipolar galvanostat, because the difference in currents reached 3-5% over a wide range of currents. However, the difference in interval durations was approximately 30-35% (Fig. 16). The main problem was not solved; we only identified some obvious factors influencing the degree of asymmetry, such as cycle amplitude, buffer solution composition, its concentration, and pH. The flow rate had virtually no effect on the cycle. Electrode polarization is a prerequisite. It can be assumed that the asymmetry of the complete cycle is caused by differences in mass transfer processes at the cathode and anode.

Why did you decide to use a two-electrode cell?
Bipolar electrochemical cells are widely used as current sources: galvanic cells (batteries), accumulators, electrolyzers in galvanic technologies, and liquid conductivity meters in measurement technology. In analytical electrochemistry, they are used as sensors for measuring specific liquid parameters, such as pH, Red/Ox potential, and so on.

A cell with three electrodes is a classic in analytical chemistry, but from the standpoint of obtaining maximum information, it has a hidden flaw. This is an auxiliary electrode; the same electrochemical processes occur on its surface as on the working electrode. The influence of these "side" processes is neutralized by a potentiostat. Thus, a significant portion of the information associated with electrochemical processes at the auxiliary electrode is wasted. Let me give you a figurative example from photography. If you want to capture an artistic portrait, a soft-focus lens with a shallow depth of field is ideal, smoothing out minor facial imperfections and background details. Or if you want to capture a group portrait of conference participants, you need a wide-angle lens with high resolution and a large depth of field. It's a good idea to take a series of shots to select the best one. This is easy to do even without neural networks; usually, someone will close their eyes or yawn.

Similarly, in electroanalytics, identifying one or, at best, two target analytes is a task for a classic three-electrode cell.

We are trying to obtain a "group portrait" of the participants in electrochemical and biological processes in living organisms. Such tasks require a special cell with two identical working electrodes, without an auxiliary electrode.

This is a hypothetical project titled: "Kinetic Red/Ox Balance – a Method for Determining Integral Red/Ox Potential in a Multi-Component Liquid."

What is the basis for our idea?
We leverage the experience of the two previous methods and our own method for delicate sensor control.
We rely on a phenomenological sensor model, which is currently working.
While there are numerous two-electrode cell designs and applications described in the literature, our approach is fundamentally different.

Let's start with the fact that our sensor is not tied to a reference electrode and is not controlled by a potentiostat, as one is unnecessary. The bipolar galvanostat has virtually no galvanic connection to the measuring section.

Two completely identical electrodes operate in Red/Ox cycling mode. This allows for the combined cleaning and operation of the electrodes. Irreversible electrode reactions, if they do poison the electrodes, would do so to the same degree, without compromising their identity.

A two-electrode cell in "free drift," like any thermodynamic system, will tend toward equilibrium (quasi-stationary state).

Below are a text fragment and two figures from my unpublished article. 
The method is based on a long-known principle of chronopotentiometry. As early as 1976, it was shown that chronopotentiometry, with a constant current, outperforms conventional and even differential-pulse voltammetry in terms of metrological characteristics in the analysis of various metal compositions in solution. “The method is well suited for the analysis, without loss of resolution, of solutions in which the concentrations of the different metals to be analyzed vary considerably, e.g., by several orders of magnitude. The reason for this is that the rate of oxidation is constant rather than the rate of potential increase, as in anodic stripping analysis. This means that potentiometric stripping analysis is self-optimizing with respect to time and resolution.”[endnoteRef:12]. [12:  Jagner D, Graneli A, Anal. Chim. Acta 1976, 83, 19. https://doi.org/10.1016/S0003-2670(01)84627-4] 


The essence of self-optimization of analysis is that the rate of change of the working electrode potential is inversely proportional to the concentration (activity) of the elements participating in the electrochemical reaction. This property allows the use of cyclic chronopotentiometry with a constant current to measure the energy ratio of Red/Ox processes.

[image: ]
Fig. 17. Diagram of electrode processes.

[image: ]
Fig. 18. Simplified equivalent circuit diagram of the cell. C1 and C2 are the equivalent capacitances of the electrodes; Rs is the equivalent ohmic resistance of the solution.

Due to a lack of resources, the project is unfinished, but we would like to see the results. This field is currently developing rapidly based on modern nanotechnology, electrochemistry, and photoluminescence[endnoteRef:13]. [13:  Stoikov DI, Karaguzina KR, Kappo D, Shurpik DN, Stoikov II, Porfireva AV, Evtugyn GA, Electrochemical flow-through sensor based on a carbon veil/sulfanilamide pillar[5]arene derivative composite for determining total antioxidant capacity, Microchemical Journal, https://doi.org/10.1016/j.microc.2026.117630] 


Lack of funds! I suppose most scientists anywhere in the world lack the resources to continue, expand, or complete their research.

To secure funding, from 2001 to 2012, we participated in seven scientific and technical project competitions, including international ones. We only won two.

One of the most memorable was the competition announced in 2012 by the Skolkovo Foundation for the best concept for a portable medical diagnostic device. A startup from the UK joined our team during the competition. Our hopes for victory were high; we had an electrochemical analyzer, while they had a method for early prostate cancer diagnosis based on the analysis of zinc ions in prostate secretions and seminal fluid. Zinc is easily detected on our analyzer. The selection process was quite rigorous: out of four hundred teams, only ten finalists, including us, made it through the three stages of the selection process. We didn't receive the first prize of 10 million rubles (approximately $325,000), but we gained experience working remotely as a team under tight deadlines.

	[image: ]
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Fig. 19. The finalist's diploma and our team's performance. Moscow, 2012, month 12, beginning at 12:00 pm.

The competition, especially its final stage, helped us further develop the sensor concept. It so happened that on the eve of the competition announcement, several former colleagues and I were invited to visit the Astana branch of the Institute of Nuclear Physics of the Republic of Kazakhstan, which had recently launched a new cyclotron. Our hospitable hosts showed us the accelerator and explained the research being conducted there. I was immediately intrigued by polymer track-etched membranes as sensor elements. The laboratory staff, who manufacture and study track-etched polymer membranes, kindly offered several samples of such membranes. Upon returning home, I constructed a simple setup using a laboratory stand, a polymer syringe with its plunger removed, two stainless steel electrodes, a burette, a beaker, and a high-voltage power source. Upon turning on the power source, I observed the water in the burette rise. When the polarity was reversed, the water level began to fall. This is how the electrophoretic flow generated in the membrane channels moves.

It turned out that the solution to some of our problems was obvious. The permeable electrode is a track-etched membrane with a conductive layer applied to its surface. When the conductive layer is applied to both surfaces, it is a potentiometric sensor; when a potential difference is created on the surfaces, it is an actuator (a pump).

[image: ]
Fig. 20. Backscattered electron image of a track-etched membrane surface.

Japanese researchers were among the first to realize this and began actively using track-etched membranes in flow analysis. It turns out that Japan even has an association, The Japanese Association for Flow Injection Analysis (JAFIA), founded in 1975.

2015-2017: 3D technology (or technology platform) for multi-membrane frontal flow sensors.

The concept of multilayer sensors emerged through a competitive selection process. The solutions that formed the basis of this concept:
Use only disposable sensors.
The entire analytical component of the sensor should be designed as a quickly replaceable cartridge.
Preferably, frontal flow injection analysis should be used in combination with various separation and concentration methods.
All analytical components should be standardized.
The ability to customize the components for a specific application.
The components are made from inexpensive, primarily sheet materials, using simple technologies such as cutting, stamping, etc.

I have already noted that the key components of the layered sensor - the actuator and detector - can be made from track-etched membranes. Collaboration began with scientists from Kazakhstan interested in diversifying their developments.

Two years were spent negotiating and finalizing the contract. Finally, in May 2015, I signed a contract for the provision of services to the L.N. Gumelev Eurasian National University in Astana, Kazakhstan. We outlined the direction, goals, scope, and completion date of the work. The contract was until the end of 2017.

So, what have we accomplished in terms of using track-etched membranes for sensors?
We began with the development of flow-through electrochemical cells with track-etched membranes. The membrane is thin, 10-15 µm. It is difficult to work with; the PET film is hydrophobic, requiring a certain amount of pressure to force the solution through the membrane. To prevent membrane deformation, it needs to be reinforced. We tried many options until we decided to use lamination technology for electrodes and membranes. Micromesh was used for mechanical protection of the membrane.

[image: ]
Fig. 21. Laminated electrodes.

Ultimately, we developed a universal, detachable cell that can accommodate up to eight electrodes.

[image: ]
Fig. 22. Universal flow-through electrochemical cell.
Universal, quick-disassembly cell. It can accommodate up to 8 electrodes, with an unlimited number of membranes.

[image: ]
Fig. 23. Special conductometric four-electrode flow cell.
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Fig. 24. Electrode assembly of the cell. Auxiliary electrodes 1 and 2 are made of MT-1 lining tiles. Measuring electrodes 3 and 4 are gold-plated membrane surfaces. The thickness of the spacers is increased for clarity.

This design eliminates polarization of the measuring electrodes. A bipolar galvanostat is connected to the auxiliary electrodes. A millivoltmeter with high input impedance measures the potential difference across the membrane surfaces. A unique feature of this method, which does not require a reference measurement of the solution's resistance, is that when the current direction changes, a potential difference occurs across the measuring electrodes equal to twice the voltage drop ∆U = 2IR, where I is the galvanostat current and Rc is the total resistance of the membrane channels. If the channel density and diameter are known, the specific conductivity of the solution can be easily calculated.

[image: ]
Fig. 25. Dependence of the calculated membrane resistance and the measured cell voltage drop on the solution concentration.

The channel density was calculated using the measured membrane resistance. The channel density completely matched the manufacturer's measurement.

In 2018, a special sandwich cell was developed for Braynina's laboratory. It can be used as a differential potentiometric detector in flow analysis. The two electrodes of the cell are made of a carbon "veil" using a lamination process. A laminated track-etched membrane is placed between the electrodes.

	[image: ]
	A carbon veil sample is a randomly interwoven fiber with a diameter of 5 to 10 microns. мкм[image: ].

	Fig. 26. Three-layer flow cell, indicator electrodes are made of carbon veil.



An experimental study was conducted using a mediator system to determine the antioxidant activity of liquids.

The composition of the solution for determining antioxidant activity (AOA) was as follows: 1 x 10-2 mol/L K3[Fe(CN)6], 1 x 10-4 mol/L K4[Fe(CN)6], 1 mol/L KCl. The solution was prepared in a phosphate buffer with a pH of 7.4.

A high-resistance millivoltmeter was connected to the cell electrodes. The millivoltmeter transmitted readings to the tablet via Bluetooth every 2 seconds.

Experimental conditions: 1 ml of the AOA solution was injected from a syringe through a tube into the upper compartment of the "sandwich," and the potential was recorded. Then, 0.1 ml of a 1 x 10-2 mol/L K4[Fe(CN)6] solution was added to the upper compartment, and the potential was recorded. After a certain period of time, when the potential had changed significantly, the solution was removed by suction from the upper compartment. Next, a rinse is performed by squeezing 1 ml of K3[Fe(CN)6], after which it is removed by suction. The upper compartment is dried out with filter paper. The process is repeated with an increased concentration of K4[Fe(CN)6].

Fig. 27. General potentiogram.


Fig. 28. Individual peaks.

Several interesting studies have been carried out using laminated carbon veil working electrode. In particular, determination of nitrite[endnoteRef:14], ascorbic acid[endnoteRef:15] and uric acid in saliva[endnoteRef:16]. [14:  Stozhko NYu, Bukharinova MA, Khamzina EI, Tarasov AV, Sokolkov SV. Film Carbon Veil-Based Electrode Modified with Triton X-100 for Nitrite Determination. Chemosensors 2020, 8, 78;	 doi:10.3390/chemosensors8030078]  [15:  Brainina KhZ, Bukharinova MA, Stozhko NYu, Sokolkov SV, Tarasov AV, Vidrevich MB. Electrochemical Sensor Based on a Carbon Veil Modified by Phytosynthesized Gold Nanoparticles for Determination of Ascorbic Acid. Sensors 2020, 20, 1800; doi:10.3390/s20061800]  [16:  Bukharinova MA, Stozhko NY, Novakovskaya EA, Khamzina EI, Tarasov AV, Sokolkov SV. Developing Activated Carbon Veil Electrode for Sensing Salivary Uric Acid. Biosensors 2021, 11, 287. https://doi.org/10.3390/bios11080287] 


A conceptual working prototype for studying multilayer sensors was developed and manufactured.



Prototype Design
The prototype is an important element of the multifunctional research stand. During the design process for various prototype variants, special attention was paid to the following:
simplicity and manufacturability of the design;
cost and availability of construction materials and components;
the ability to easily adapt the design to various separation modes.
Figure 29 shows a 3D model of the prototype, created in SolidWorks software.

[image: ]
Fig. 29. 3D model of the assembled prototype.

The prototype consists of an external load-bearing structure consisting of three thin-walled tubular guides 1, the ends of which are fixed in flat bases 2. Three platforms 3-5, each containing cylindrical hydraulic circuit elements, can move along the guides. Each platform can be locked in the desired position. The cylindrical hydraulic circuit elements contain an axial bore, which accommodates a rotary axis 6, enabling the cylindrical hydraulic circuit elements to rotate relative to each other. The cylindrical elements also contain three cylindrical bores parallel to the longitudinal axis of the structure. The bores, located at an angle of 120 degrees symmetrically relative to the longitudinal axis, form three hydraulic channels with a diameter of 8 mm.

The cylindrical hydraulic circuit element of the middle platform is rigidly fixed and cannot rotate relative to the longitudinal axis of the structure. Axle 6 is secured to this element, with its ends protruding on both sides.

The cylindrical elements of the hydraulic circuit, mounted on the upper 3 and lower 5 platforms, can be rotated around the longitudinal axis of the structure. For this purpose, radial ball bearings 7 are installed in the platforms, held together by a hollow, tubular axle 8. Inlet and outlet flexible tubes, as well as the leads of the detector electrodes and/or accelerator electrodes, pass through an opening in the tubular axle. Rotation of the hollow axle is transmitted to the cylindrical element of the hydraulic circuit by three spring-loaded anchors 9, which ensure uniform pressure between the contacting cylindrical elements of the hydraulic circuit. The pressure force is adjusted by moving the upper and lower platforms relative to the fixed middle platform.

Hydraulic circuit element 10 of the middle platform 4 is primarily designed for electrokinetic sample separation. In this case, one or two channels of the element are filled with a separating substance, such as a granular sorbent, gel, or carrier electrolyte.

The rotating elements of the hydraulic circuit 11 can accommodate the detector electrodes, as well as, if necessary, electrodes that generate an electric field in the solution being separated.

After installing the electrodes, the upper and lower platforms are moved toward the middle platform with a predetermined force and secured on guides.

The assembled prototype structure then forms three parallel cylindrical channels through which various liquids can flow. For example, a buffer solution flows through the measuring channel, the sample being analyzed flows through the second channel, and the third channel is filled with a detector rinse solution. Sample injection into the buffer solution is accomplished by rotating the hydraulic circuit elements of the upper or lower platform 120 degrees, depending on the position of the detector electrodes. Rotation switches the hydraulic channels, causing a cylindrical sample fragment to enter the buffer solution. The width of the sample zone is determined by the flow rate of the analyzed solution and the injection duration. After injection, the platform returns to its original position, and the injected sample is separated in the middle element of the hydraulic circuit.

Multi-stage separation is accomplished by reinjecting the separated sample fragment into one of the available hydraulic channels. The second stage of separation occurs in the opposite direction. Three independent hydraulic channels allow for an unlimited number of separation stages.

Rotation of the moving elements of the hydraulic circuit is accomplished using eccentric clamps 12 mounted on hollow axles above the upper platform and below the lower platform. The rotation angle is controlled by visual observation along the longitudinal axis of the structure through the through-holes in the platforms. The precise angle of rotation is determined by aligning the hole in the eccentric clamp with the holes in the platforms (see arrows in Fig. 29).

To manipulate the electrodes and the separating medium, the structure is open by sliding the platforms along the guides. The platforms can be easily removed from the guides if necessary.

[image: ]
Fig. 30. External view of the assembled prototype with the platforms extended from each other.

[image: ]
Fig. 31. General view of the test stand for the prototype and electrochemical flow cells.

A way forward:
Much has been accomplished, but unfortunately, we were unable to complete the prototype, which we jokingly called the "Exoskeleton," since the supporting structure is external, while the main component - the hydraulic circuit - is located internally. The integration of the electrodes into the hydraulic circuit and the separators was beyond the funding scope.

In most modern analytical systems, multicomponent samples, such as biological fluids, are separated into their components for subsequent quantitative analysis. The selectivity of the system is determined by both the separation efficiency and the selective properties of the sensor-detector.

Methods for increasing selectivity and lowering the detection limit often conflict with each other. When increasing the degree of sample separation using chromatography, we inevitably lose some of the analyte remaining in the column, thereby increasing the detection level. For this reason, Lab-on-Chip technology primarily utilizes capillary zone electrophoresis in combination with simple spectral or conductometric detectors, which have low selectivity. The use of multichannel or scanning electrochemical detectors increases the selectivity of the system.

The maximum selectivity of capillary zone electrophoresis is, to a first approximation, determined by the ratio of the capillary working length to the detection zone length. The capillary form factor—the ratio of the capillary length to its diameter—is also important.

Let's use the geometric parameters of typical capillary electrophoresis as an example: capillary working length L = 500 mm, capillary diameter D = 100 µm, and detection zone length d = 1–2 mm. The selectivity of such a capillary can be roughly estimated by the ratio of its working length to the detection zone length. If all parameters are reduced by a factor of 100, we obtain a micromodel of a capillary (L = 5 mm, D = 1 µm, d = 10-20 µm). Importantly, the capillary cross-section decreases by a factor of 104. However, if the surface density of capillaries is approximately 106 per cm2, then each cm2 of such a capillary material will be equivalent to a hundred conventional capillaries operating in parallel. Such glass microchannel matrices, manufactured using hollow fiber sintering technology[endnoteRef:17] [endnoteRef:18], are suitable for separators, but are quite expensive. Inexpensive polymer microcapillary matrices can also be manufactured using similar technology. [17:  Citation J. R. Backhurst et al 1969 J. Electrochem. Soc. 116 1600 DOI 10.1149/1.2411628]  [18:  Tonucci RJ, Justus BL, Campillo AJ, Ford CE, Nanochannel Array Glass. SCIENCE VOL. 258 30 OCTOBER 1992 p.783] 

A microcapillary polymer matrix, used as a separator, is ideally integrated with a detector, a thin-film flow electrochemical cell. This arrangement will provide a significant gain in analytical selectivity.

Conclusion
Analytical electrochemistry has come a long way. Its applied tasks and goals have changed along with it. The primary goal, however, is the information contained in the analytical signal, which has also undergone transformation[endnoteRef:19]. [19:  Sokolkov S.V. Evolution of the analytical signal in electrochemistry from electrocapillary curve to a digital electrochemical pattern of a multicomponent sample. Electrochem. Sci. Adv. 2022;e2100212. https://doi.org/10.1002/elsa.202100212
] 


Modern electrochemical analysis methods can be easily integrated with electrophysical separation methods, including frontal electrophoresis, discrete electrophoresis, capillary electrophoresis, isoelectric focusing, chromatography, and electrochromatography. A key component of such integration is a microcapillary polymer matrix, the use of which will dramatically improve efficiency and reduce analysis time. Furthermore, the sensor size and cost will be significantly reduced. Importantly, the proposed 3D multi-membrane sensor technology is ideal for mass production.
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