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Abstract

This article presents an innovative approach to monitor working redox flow batteries using dynamic
electrochemical impedance spectroscopy, diverging from the commonly sequential impedance methods
carried out under potentiostatic or galvanostatic conditions close to the open circle voltage. The authors
introduce a fresh variation of dynamic impedance measurement that leverages an amplitude-modulated multi-
frequency alternating current perturbation signal. This technique leads to a reduction in measurement time,
making it possible to monitor impedance in real-time under typical operational conditions. Consequently, it
effectively addresses the limitations stemming from the absence of stationary conditions during impedance
measurements. There is no doubt that measurement techniques enabling the study of processes during the
operational life of a battery provide the most valuable insights into the properties of these systems. The
potential of this proposed approach is exemplified through the examination of a full vanadium redox flow
battery as a case study. Classical impedance measurements were also conducted under potentiostatic and
galvanostatic conditions with sequential frequency signal change, which requires stopping the battery
operation, resulting in electrode potential changes of over 200 mV compared to the working system. Spectra
for all modes of measurements were compared. In the case of dynamic measurements, such significant
differences in spectra during charging and discharging are not observed, which is characteristic of classical
measurements. The authors deliberately and consciously refrain from analyzing the results by fitting

equivalent circuits.

KEYWORDS: energy storage; redox flow battery; dynamic impedance; nonstationary conditions, real time

monitoring
1. Introduction

Stationary electrochemical energy storage systems are important today and will become increasingly
important and necessary in the future for several reasons. Firstly, the growing demand for renewable energy,

such as solar and wind power, requires increased ability to store electrical energy for use when sources



are not available or generating low power. Stationary electrochemical energy storage systems are capable
of storing electrical energy in a way that allows for use when needed. Secondly, energy grid stability can
be improved with energy storage systems, especially in cases of increased use of renewable energy.
Electrochemical energy storage systems can help to provide energy when the grid is under load or when
irregularities in energy supply occur. Thirdly, energy efficiency can be increased with stationary
electrochemical energy storage systems, which can lead to reduced greenhouse gas emissions. They allow for
energy to be stored when it is available in excess and then used during peak times or when energy is not
available. All these factors make stationary electrochemical energy storage systems important
and increasingly necessary in the future. The redox flow battery (RFB) is an energy storage technology
that holds potential for large-scale applications due to its unique benefits, such as extended lifespan,
straightforward design, separated power and energy, among others. Some RFB systems, such as all-vanadium
RFBs (VRFB), have been successfully commercialized. Nevertheless, the relatively low energy density
remains a disadvantage of these systems. As a result, numerous innovative RFB systems have been developed

to address this issue and improve overall performance and efficiency.

Elucidating the structure and composition of energy materials and their reaction mechanisms
is crucial to the design of advancing energy storage technologies. The application of modern in situ/operando
techniques has been a source of valuable insights for establishing composition-reactivity correlations under
real-time reaction conditions. This provides significantly more insight into function compared to isolated and
simplified laboratory conditions.

Electrochemical impedance spectroscopy (EIS) has the advantage of being no-destructive, fast
and even standardly used to analyze electrochemical processes. This technique has witnessed a significant
surge in popularity in recent years. Initially utilized for determining double-layer capacitance and in AC
polarography, it is now extensively employed in the characterization of electrode processes and complex
interfaces. To make an EIS measurement, the alternating current (AC) signal (voltage or current) is applied at
a constant voltage (potentiostatic) or constant current (galvanostatic) and the response is measured[1]. The
impedance Z is determined by the frequency-dependent voltage/potential V(w)/E(w) and frequency-
dependent current I(w). The validity of EIS is assessed by considering three primary factors: linearity,
stationarity, and causality. The authors do not intend to present in detail this measurement technique, as such
information is available in numerous books and scientific articles[2-5]. We focus only on selected aspects to
provide an introduction to the applied measurement technique.

EIS contains analyzable information at each frequency because different overvoltage contributions
evolve on different time scales and it can directly measure physical or chemical processes like electrochemical
activity, Kinetics, adsorption or diffusion. For example, the charging of the electrochemical double-layer

usually occurs on the microseconds time scale, but diffusion can be observed on the hundreds of milliseconds



time scale (Figure 1). Valid Nyquist plots should be repeatable, show characteristic processes taking place in

the battery and do not have noise.

The electrochemical process is usually approximated by an equivalent circuit model composed
of resistors, capacitors, inductors, and specific parts like these considering diffusion. These elements can
represent the physicochemical processes in the system and their values are acquired by matching
the mathematical equation underlying the circuit model to the impedance spectra obtained through
experimentation. Both modes (potentiostatic and galvanostatic) usually generate equal results if the
electrochemical properties of the system do not change over the measurement time. The use of galvanostatic
mode further complicates the measurement due to often unsatisfactory accuracy of the obtained results and
lack of control over the potential, which frequently leads to uncontrolled polarization of the studied system.
Measurements in galvanostatic mode are much less frequently conducted because obtaining accurate results

requires the application of a complex and diverse amplitude-controlled sequential excitation[6].
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Figure 1. The illustrative range of time scales for chemical and physical process which can occur
in electrochemical systems.
Numerous equivalent circuits for studied systems have been proposed[7]. However, equivalent circuits
drawn for electrochemical cells are not unique and given experimental data can be covered
by different electrochemical models. It's important to note that in most cases, it is not possible to directly

associate specific circuit components with the processes taking place within the cell.

Electrochemical Impedance Spectroscopy is one of the most useful techniques for characterizing
and modeling batteries as it can provide detailed information on physico-chemical processes that arise inside
the battery: electrochemical mechanisms, reaction Kinetics, battery life performance, state of charge, features
of electrode materials, state of health (SOH) or the factors responsible for the loss of capacity[8]. In the case

of the most widespread lithium-ion batteries galvanostatic mode is recommended[9]. Additionally



the literature review indicates that the application of various impedance measurement modes has been
extensively analyzed and examined for lithium-ion batteries[9-11]. Hence, it seems justified to draw
inspiration from these studies, as well as those dedicated to fuel cells, due to the significant analogy in their

construction and operation.

To date, almost all existing scientific literature discusses impedance measurements for RFB with single
cells. Such impedance measurements were mostly obtained during the potentiostatic control mode
at an equilibrium state after the cell has reached a given state of charge (SoC) both for aqueous[12-14]
and nonaqueous[15-17] systems. Many studies deal with a modification of the electrodes through chemical
or physical processes and the EIS test is often the main method verifying the change of the battery parameters
performance[18-22]. The effects of membrane[23], current density, electrolyte solution flow rate, and ion
type or concentration on a impedance of the battery were also analyzed, as well as the influence of over-charge

on ohmic impedance[24-26].

Table 1. The components of different modes for electrochemical impedance spectroscopy

investigations. The measurement modes employed in the experimental section are underlined for clarity.
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EIS measurements were also conducted and were observed to be repeatable for flow battery with large
sized electrodes and multiple cells[27]. The response time was investigated in two kilowatts-class (kW-class)
batteries[28] by this technique. Such analysis is essential for design of the grid services. Trovo[29] introduces
a multichannel Electrochemical Impedance Spectroscopy system designed for high bias current operation,

specifically tailored for kW-class Vanadium Redox Flow Batteries.

The measurement time for typical EIS investigations is particularly lengthy, especially at low
frequencies, when utilizing a series of single-frequency excitation signals, which can compromise
the stationarity of the battery system. To expedite the EIS measurement process, multisine signals
encompassing a broad range of frequencies can be employed. These signals are composed by a summation of
sine (or cosine) waves[10].

Recent advances in electrochemical impedance spectroscopy shows the capability of acquiring
impedance spectra of non-stationary systems in a broad range of frequencies by applying a perturbation with
a package of sinusoids and joint time—frequency analysis of the response signal. Table 1 presents the
components of the mode applicable to various variants of impedance measurements. Currently, measurements
can be performed in any combination of the presented measurement modes. For convenience, the

measurement modes used in the experimental part have been highlighted in the table.

The implementation of a multi-sinusoidal excitation signal for the first time was applied by Smith and
Creason [30] in the 1970s. Next, Short-Time Fourier Transform (STFT) was utilized for obtaining impedance
changes in the time domain from given local parts of the spectrum[31,32]. Over this period, it has found
incredibly broad applications, as evidenced by the number of published reports[33,34,43,44,35-42], but it has
not been commercialized. Some papers have proven that this method is an excellent tool for monitoring of the
working electrochemical batteries[45,46]. Continuous impedance measurements can be performed
simultaneously using the range of pseudo-white noise method, what allows to determine the cell parameters
under any charge and discharge modes, even during its exploitation condition for chosen frequencies. Slepski
presents the principles of the measurement, which allows to obtain a full impedance characteristic of cells and
single electrodes[47]. However, it’s worth introducing some information. The main disadvantage of sequential
stimulation is the long duration (t) required to obtain the impedance spectrum, which depends on both the
number of analyzed frequencies (fi) and the number of periods generated for each sinusoid (n):

t= N (/) @)

A spectacular reduction in measurement time is achieved by using multi-sinusoidal excitation, where
all sinusoidal signals are generated simultaneously. In current-controlled conditions, this signal can

be represented as follows:
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In this case, the duration of the excitation (t) required to determine a single spectrum is given

by the following relationship:

t=n/fk (4)

As can be seen, the measurement time is reduced to the period in which the component with
the lowest frequency (f«) is generated. This significantly increases the possibility of maintaining steady-state
conditions during the period from which the impedance spectrum is obtained.

In cases where the studied system exhibits non-stationarity during the measurement, using multi-
sinusoidal excitation, as opposed to sequential excitation, often allows obtaining an interpretable characteristic
of the object. This feature can be explained by considering a simple system represented by two elements
(capacitor and resistor connected in parallel - C1R2), where the value of C; is constant, while the value of R
decreases over time. The impedance spectrum of such a system in the form of Nyquist plot is shown in Figure
2a. In the case of using classical sequential excitation, where the successive analyzed frequencies are
progressively lower, the impedance spectrum of the considered system will approximately have a shape
reflected in the Figure 2a. Analyzing such obtained impedance spectrum is impossible using a real equivalent
circuit (C1R2). Using any other circuit model will result in an incorrect interpretation of the analyzed
phenomenon (Figure 2b). A different situation arises when using a multi-sinusoidal signal. The analysis of the
excitation signal and response is carried out in this case using Fourier transformation. The averaging nature
of the transformation, from the time domain to the frequency domain, results in the obtained impedance
spectrum representing an average over the measurement period (Figure 2c¢). The spectrum obtained in this
way accurately represents the studied system during the measurement and, when using the correct equivalent
circuit, allows obtaining the real/average parameters of the system.
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Figure 2. Exemplary impedance spectra of the (C1Rz2) system with Rz value decreasing with time; a) real
spectra; b) spectra obtained for sequences change of frequency — the solid line; ¢) spectra recorded for
multi-sinusoidal excitation — the solid line.

For excitation signal, the magnitude of the resultant amplitude depends on both the amplitudes
of the components of the multi-sinusoidal signal and the phase shifts between successive components.
The multi-sinusoidal signal should have the lowest possible amplitude to avoid undesired changes

in the analyzed system.

In the case of multi-sinusoidal excitation, the full frequency range (from megahertz to millihertz)
is currently not utilized due to technical reasons. When using the sum of elementary sinusoidal signals
as the excitation signal, the following aspects determining the frequency range should be taken into account:
(i) the frequency range in which electrode processes occurring in the studied system are detected, (ii)
the dynamics and duration of the analyzed electrode process, and (iii) the measurement capabilities
of the measurement system used. When selecting individual frequency components, it is also important
to consider that electrochemical systems have a non-linear nature. Each frequency component
of the multi-sinusoidal excitation signal can generate additional harmonic components in the response signal.
To avoid superposition of harmonic signals with fundamental frequencies, a frequency selection based on
prime numbers or their multiples could be applied. When selecting individual frequencies, it is also important
to remember that the properties of most electrochemical systems make it advantageous to have
a logarithmic distribution of excitation frequency components to obtain the best impedance characterization

of the object.

Obtaining the impedance of the studied object requires decomposing the multi-sinusoidal excitation
signal and response signal, which provides information about the phases and amplitudes of all sinusoidal
components (the idea of this procedure is shown on Figure 3). To achieve this, the recorded voltage and current
signals are subjected to Fourier or Laplace transformations. Applying these transformations enables obtaining
an averaged impedance characteristic of the system, but temporal localization information is lost in the
process. Temporal changes in the system's impedance can be obtained by performing the above operation

sequentially on signal segments of a specific length L.
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Figure 3. Scheme presenting determination of the impedance in function of time

Such an operation is known as Short-Time Fourier Transform (STFT), which in its discrete form

presents as follows:

DSTFT[m, n] = Y425 s[kly*[k — m]exp(—j2mkn/L) (5)

The above relation assumes that unitary Fourier transformations are performed on segments of length
L extracted from the analyzed signal s[k] using windowing functions y*. This action aims at reducing
the phenomenon called spectral leakage, that may lead to partial distortion of the results. Complete elimination
of leakage of the spectrum and simplification of the calculation were obtained when using
a rectangular window function and proposing to keep the specific relationship between the length

of the analysis window L, and the individual frequencies of the analysed multisinusoid signal fi:

fi=nfy/L ,n=1,2,.. (6)

The application of the above condition boils down to preserving the total number of periods of all

the multicomponent frequency signal within the analyzed segment of length L.

Even this fairly short presentation of dynamic electrochemical impedance spectroscopy (DEIS)
measurements clearly indicates the advantages of this method, which include: (i) a very short measurements
time; (ii) the ability to identify and describe physical and chemical processes during cell charging/discharging
under any current conditions without the need for stationary current-potential relationships, unlike the highly
divergent conditions encountered in classical EIS measurements; (iii) the possibility of observing results in
real-time mode, which can serve as a monitoring tool for process correctness in both laboratory and

commercial setups. There are surely many other potential applications of this method, which are difficult to



enumerate unambiguously due to the lack of experimental data, on which we are constantly working, and we

will promptly inform about new possibilities in subsequent scientific papers.

Continuous simplified DEIS measurements for single frequency during charging/discharging operation

has been also used for battery investigation[48].

In this paper, an alternative continuous impedance measurement method is introduced in contrast
to the well-established sequential potentiostatic and galvanostatic measurements. The objectives of this study
are as follows: (i) to present the first instance of such measurements conducted on a nonstationary redox flow
battery system operating in galvanostatic mode; (ii) to highlight the advantages of continuous impedance
measurements in cell investigations. All measurements were carried out on a two-electrode system (i.e., the
entire cell). The authors have chosen not to analyze the spectra using an equivalent circuit due to the
complexity of the entire cell system. Such investigations become particularly valuable when a three-electrode
system is employed, allowing for the monitoring of processes occurring at individual electrodes. It is also
noted that fitting an equivalent circuit to the entire cell's operation is an inefficient use of effort, especially
since it is difficult to attribute physical meaning to individual elements of the system when considering both
the complex cathodic and anodic processes. The authors are currently dedicated to modifying the redox flow

system to obtain impedance spectra for a single electrode. This aspect will be the focus of a future publication

2. Experimental
2. 1. Redox flow battery

The experiment was performed using a full-vanadium redox flow battery lab-cell . A commercial
vanadium electrolyte from GfE, Nirnberg, Germany, was employed, which consisted of a sulfuric acid
aqueous solution containing 1.6 M vanadium ions at oxidation state +4 (as VO?* ion) and at oxidation state
+3 (as V*®) in equimolar concentration. For the laboratory-scale single-cell VRB system, Rayon-based
graphite felt was used for both the negative and positive electrodes. The electrodes were thermally activated
in an air atmosphere at 500°C for 9 hours. The electrode area was 500 mm? (20x25 mm), and the thickness
was 5 mm. Nafion 117 membrane was used to separate the two half-cells, and a peristaltic pump (Watson
Marlow 323) was employed to maintain a constant electrolyte flow rate of 40 ml/min. The oxygen was
removed from the negative electrolyte by flushing the solution with nitrogen.

2.2. Electrochemical study



The EIS measurements were performed following three charging tests. The charge-discharge
measurements were conducted within the voltage range of 1.8 to 0.5 V under direct constant-current
conditions. A current of 0.25 A was applied and controlled by a potentiostat-galvanostat (Autolab 302N). The
battery state of charge was determined based on the charge that flowed through the battery during its operation.

A typical Electrochemical Impedance Spectroscopy measurement was conducted using a series of
single-frequency excitation signals for the frequency range between 10 kHz and 100 mHz.
The measurements were performed in both potentiostatic and galvanostatic modes at different states
of charge levels: 0%, 25%, 50%, 75%, and 100%.

Impedance spectra were obtained at a specific SoC twice: once during the battery charging process and
again during the battery discharging process, using a constant direct current of 0.25 A, which corresponds to

a current density of 50 mA/cm?.

For potentiostatic measurements, the cell was charged or discharged to a specified level of SoC.
After stopping the charging or discharging procedure, the open cell voltage was recorded, and the impedance

measurement was performed. The sinusoidal excitation signal had an amplitude of 10 mV,

For galvanostatic measurements, the cell was charged or discharged to a specified level of SoC,
and the impedance measurement was performed without any interruption in the charging or discharging

process. The sinusoidal excitation signal had an amplitude of 25 mA.

A continuous impedance measurement, during the charging and discharging process, was carried out
using a National Instruments PXI-4461 card generating a multisinusoidal perturbation signal and recording
current and voltage response. This AC signal was added to the DC (direct current) component of the
charge/discharge current generated by the Autolab 302N. The analysed frequency range was 4.5 kHz to 0.3
Hz. The amplitudes and phase shifts of the individual excitation components were selected so that the resulting
response signal did not exceed £25mV. Control and analysis of the recorded signals was carried out using

appropriate programs prepared in LabView.

3. Results and discussion

The experiment started with charge-discharge performances of the VRFB system. The last four cycles
are presented in the Figure 4. The columbic and voltage efficiencies of the presented cycles are practically

identical and amount to 89.6% and 67.9%, respectively.
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Figure 4. The charge-discharge performance for VRFB system at constant density current
of 50mA/cm?. The columbic and voltage efficiencies are 89.6% and 67.9%, respectively

and differ slightly, within the measurement error.
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Figure 5. The charge (a) and discharge (b) curves for the VRFB, as well as the OCV values

determined prior to potentiostatic EIS measurements during charging (x) or discharging (00) interruptions;

the OCV values (c) during charging (x) or discharging (O) interruptions against the SoC values.

As mentioned earlier, potentiostatic impedance measurements were conducted between the charging or
discharging processes to a predetermined state of charge of the battery. This implies that
the electrode condition during the electrochemical impedance spectroscopy measurement differs from that
obtained during charging or discharging at the same SoC level. Figures 5a and 5b depict the charge-discharge
curves and the voltage of the cell (open circuit voltage, OCV) during the EIS measurement.

It is evident that significant differences exist between the cell voltage during charging or discharging
and the OCV value at a given SoC. This difference amounts to at least 220mV, which is substantial in terms
of electrochemical reaction behavior. This discrepancy represents a significant disadvantage of the
potentiostatic mode of impedance spectroscopy because the measurement is conducted at a voltage far from
the actual voltage within the working cell. The Figure 5¢ shows the OCV values during charging or
discharging interruptions against the state of charge. As it can be seen, a very good repeatability is observed
between presented data and like for most electrochemical systems the equilibrium potential

is unambiguously defined by the state of charge.

During the operation of a VRFB, various electrochemical phenomena take place. Ohmic polarization
arises due to the resistance encountered by the membrane, liquid electrolyte, and the electrode material
between the bipolar plates. Mass transfer polarization occurs as the electrolyte flows through the porous felt
electrodes. Charge transfer polarization can be observed at the anode and cathode electrodes, arising from
electrode activity, electrolyte-coupled reactions (reactions dependent on the wetting of the electrode surface
by the electrolyte), and charge transfer within the liquid electrolyte. These phenomena influence

the impedance value within a specific frequency range. Figure 6 displays Nyquist plots obtained



in the potentiostatic mode at various levels of state of charge: 0%, 25%, 50%, 75%, and 100% attained during
charging or discharging interruptions. It is evident and well known that the spectra change with SoC level.
Moreover, the hysteresis phenomenon is observed, i.e. the calculated impedance between charging steps is
much more higher than impedance obtained between discharging steps at the same level of SoC. However,
the biggest charge transfer resistance is noticed at 0% of SoC for both series of measurements. The hysteresis
phenomenon is frequently observed in batteries, and its intensity depends on the cell type. When halting at the
same state of charge during the charging and discharging of batteries, it implies that the ratio of specific
vanadium ions remains constant, while many other parameters of the system vary more or less slightly.
Discharging is a spontaneous process, whereas charging is a forced phenomenon. During the charging and
discharging processes, distinct chemical reactions take place, and the potential of a specific electrode varies
significantly between charging and discharging. Consequently, phenomena such as adsorption, temperature
drift, capacitance, or induction effects are expected to differ between the charging and discharging phases of
the cell, especially with porous electrodes. It is also important to note the phenomenon of relaxation, which is
distinctly present in the studied batteries. Therefore, the hysteresis phenomenon in impedance measurements

appears to be evident for batteries[49,50].
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Figure 6. Nyquist plots obtained in the potentiostatic mode at various levels of state of charge:

achieved during charging (a) or discharging (b) interruptions.

Note that during the galvanostatic EIS measurement, the DC current was not interrupted, and the
obtained Nyquist plots are shown in Figure 7. The measurements were performed at the same levels of state
of charge as in the potentiostatic mode: 0%, 25%, 50%, 75%, and 100% achieved during the charging or
discharging process. The displayed spectra do not exhibit significant differences between
the charging and discharging actions, as observed in the potentiostatic mode. Moreover, the impedance
measurement conducted as the last of each series (i.e., at 100% SoC for charging and at 0% SoC
for discharging processes) exhibits a noticeable deviation from the other measurements. These measurements
are performed for very low concentration of reactants, so the measured impedances are visibly different and

higher than for the previous spectra.
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Figure 7. Nyquist plots obtained in the galvanostatic mode at various levels of state of charge (SoC):

achieved during charging (a) or discharging (b).

The third mode of the used EIS measurements is foreseen for nonstationary systems operating
in galvanostatic procedure. Decomposition of the multisinusoidal perturbation and response of the cell allow
to record an averaged impedance spectrum for given measure duration. Figures 8a and 8b show obtained
spectra of a system recording during charging and discharging process, respectively. The time variable
is related to SoC level which can be also shown on the plot instead of time data. The Figure 8c presents the
charging-discharging cycle for which DEIS measurements were performed. The columbic and voltage

efficiencies of this cycle are 86.9% and 67.8%, respectively
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Figure 8. Nyquist plots obtained on a nonstationary all-vanadium redox flow battery system operating in
galvanostatic mode: achieved during charging (a) and discharging (b); the charge-discharge

(blue-orange points) performance recorded simultaneously with continuous DEIS measurements (c).

The impedance measurement presentations above consist of 50 individual spectra, each corresponding
to a 2% change in state of charge. The number of displayed spectra can be adjusted according
to specific requirements, but it is limited to the maximum allowable number, which is equivalent to the total

number of recorded samples minus the number of samples included in a single spectrum.

The part of the spectrogram recorded for higher signal frequencies remains unchanged during battery
operation. The opposite situation occurs for smaller frequency values. The highest impedance values are
observed at the extreme states of charge, namely, 0% and 100% SoC, respectively. However, the highest
impedance observed for a given procedure is noticed at its onset for both the charging and discharging phases.
Most of the battery charging and discharging processes occur at comparable total impedance levels within the
system, although slightly elevated values are evident during the discharging process. For easier comparison
of the obtained data using the dynamic nonstationary mode of measurement with previous experimental data,
Figures 9a and 9b present the Nyquist plots in the nonstationary mode for various levels of state of charge,
i.e., 0%, 25%, 50%, 75%, and 100%.

At first glance, the spectra obtained during battery charging appear to be very similar to those obtained
during battery discharging. The initial measured spectra exhibit visibly larger impedance values compared to
the subsequent ones. Moreover, the discharging process shows slightly higher impedance compared to the

charging process, as mentioned earlier in the description of the 3D graphs.
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Figure 9. Nyquist plots obtained on a nonstationary all-vanadium redox flow battery system operating
in galvanostatic mode: achieved during charging (a) and discharging (b) processes at level of 0, 25, 50, 75
and 100% of SoC.

The choice of measurement mode, whether galvanostatic or potentiostatic, depends on the specific
characteristics of the system under investigation as well as the objectives and criteria of the experiment. In
practice, it may be necessary to perform measurements in both modes to obtain a comprehensive
understanding of the impedance characteristics of the electrochemical system. If the electrochemical
properties of the system remain stable throughout the measurement, both potentiostatic and galvanostatic
modes typically yield similar results. However, utilizing the galvanostatic mode can introduce additional
complexity to the measurement process due to the often inadequate accuracy of the obtained results and the
inability to control the potential effectively, resulting in uncontrolled polarization of the system under study.
Galvanostatic measurements are less common because achieving accurate results in this mode requires the

application of a complex and varied amplitude-controlled sequential excitation[51].



The goal of scientific research is to identify processes as accurately as possible, especially under
conditions of their real operation. Therefore, each of the three measurement modes will show better or worse
reflection of real operation. There is no doubt that measurement techniques enabling the study of processes
during the operational life of a battery provide the most valuable insights into the properties of these systems.
In this context, this study introduces an alternative continuous impedance measurement method, contrasting
with the sequential potentiostatic measurements typically employed in the investigation of redox flow
batteries. Additionally, cells rarely operate under potentiostatic conditions, especially near equilibrium
conditions with low reaction rates (i.e., low polarizing current). Therefore, in the case of cells, galvanostatic

measurements are more justified.

Impedance measurements in a two-electrode setup should be analyzed using equivalent circuits if the
impedance of one electrode is negligibly small. In the case of a vanadium redox flow battery, both the cathodic
and anodic processes are complex enough that attempting to fit a circuit to average out the processes seems

unjustified and unnecessary, especially considering the intensive work being done on a three-electrode setup.

4. Conclusions

The authors present impedance measurement results in three modes. Classical impedance
measurements under potentiostatic and galvanostatic conditions involved stopping battery operation, causing
significant electrode potential changes compared to the working system (electrode potential changes are of
over 200 mV). The kinetics of electrode reactions vary with potential, so impedance measurements reflect
different system parameters. Dynamic measurements overcome this issue by enabling nonstationary electrode
condition measurements without stopping cell operation, suitable for real-time monitoring. Spectral
comparison shows less significant differences during charging and discharging, a departure from classical
measurements. Therefore, the dynamic impedance measurement method emerges as the optimal approach for
battery impedance studies. Future plans include interpreting results with equivalent circuits, especially for
individual electrode spectra using reference electrodes. This requires developing a specialized redox flow cell,

currently in progress.
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