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ARTICLE INFO ABSTRACT

Keywords: Vanadium Redox Flow Batteries (VRFBs) are already commercially available and promise to provide excellent
Vanadium redox flow battery prerequisites to face the challenge of large-scale energy storage. Nevertheless, the VRFB itself has to overcome
Flow cell

challenges regarding lifetime and efficiency. Polarization and pumping losses due to a high electrolyte flow-
through resistance in the electrode contribute to much of the efficiency losses. We investigated the reaction
and processes in the negative VRFB half-cell using electrochemical impedance spectroscopy combined with the
distribution of relaxation times analysis. We identify the individual processes in the negative half-cell by varying
several parameters. One peak is observed in the low-frequency range below 2 mHz, attributed to the ion
transport. In the range from 2 mHz to 1 Hz, several peaks are identified and assigned to the redox-active species’
transport processes through the electrode’s porous structure. In the high-frequency range above 1 Hz, the single
peak was assigned to the electrochemical reaction in the negative half-cell. The processes in this half-cell are
slower than in the positive half-cell. The technique is beneficial to gain a fundamental understanding of the
catalytic process of the V(II)/V(III) reaction to optimize novel electrode materials or monitor electrode degra-

Electrochemical impedance spectroscopy (EIS)
Distribution of relaxation times (DRT)
V(II)/V(II) redox reaction

dation processes.

1. Introduction

The Vanadium Redox Flow Battery (VRFB), developed in the 1980s
by the group of Skyllas-Kazacos [1], is a promising candidate for
large-scale energy storage to balance the fluctuations of renewable en-
ergy sources [2]. VRFBs are already commercially available but face
significant lifetime and efficiency challenges. Polarization and pumping
losses due to the high flow-through resistance of the electrolyte in the
electrode account for a large part of the efficiency losses [3,4].
Furthermore, the efficiency is reduced by the degradation of the elec-
trode [5-8], the solubility of the active vanadium species in the elec-
trolyte [9], ion crossover [10], and side reactions such as the hydrogen
evolution in the negative half-cell [11-14].

The electrode material must be highly catalytically active towards
the desired vanadium reaction and prevent side reactions such as
hydrogen evolution reaction (HER) to ensure excellent performance of

the VRFB. Studying the reaction mechanism in the half-cells can be
beneficial to evaluate electrode material for VRFBs. Investigating this
reaction type is challenging because of electrolyte stability issues and
the HER at the same potential range. A stable measurement signal is
crucial for electrochemical techniques such as cyclic voltammetry or
Electrochemical Impedance Spectroscopy (EIS). Due to the formation of
hydrogen bubbles as an undesired side reaction, the signal is often noisy
and does not allow proper characterization. Nevertheless, many
research groups worldwide investigated the reaction mechanism in the
negative half-cell, and several mechanisms have been proposed [15-22].
These studies state that the reaction pathway most likely occurs via an
inner-sphere mechanism, and oxygen-containing functional groups are
beneficial since the vanadium ions adsorb at these active sites during the
oxidation or reduction reaction between V(II) and V(II). Thus, the
transport and diffusion of the vanadium species to the active sites on the
electrode material must play an important role.
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Furthermore, more insights into the cell losses, including kinetic,
ohmic, and transport losses, are crucial for improving the electrode
materials for VRFBs and optimizing their performance. EIS can charac-
terize the cell losses in situ and resolve the processes occurring on
different time scales [23-26]. For VRFBs, the flow cell setup developed
by Schilling et al. enables EIS measurements of a half-cell under
application-oriented conditions [27]. EIS data are often analyzed using
an equivalent circuit model [28-30]. In the case of superimposed sig-
nals, identifying an appropriate equivalent circuit model can be very
challenging without prior knowledge about the system. In previous
studies [6,25,27,31], we demonstrated that EIS combined with the
Distribution of Relaxation Times (DRT) analysis could be successfully
applied to analyze the performance of high-temperature PEM fuel cells,
vanadium redox flow batteries, and electrochemical hydrogen pumps.
They decomposed the polarization losses of the electrochemical cell
based on their typical time constants. The main features of their distri-
bution functions could be assigned to individual cell processes, such as
electrode reaction kinetics and gas and ion transport phenomena, by
selecting appropriate experimental conditions. Therefore, we developed
a novel flow cell to study the processes in a VRFB half-cell under
controlled operating conditions. In the positive half-cell, processes in
three different frequency ranges were identified, corresponding to the
electrochemical reaction, the transport processes through the porous
structure of the electrode, and the ion transport [27]. Furthermore, the
flow cell setup was used to study the effects of the thermal activation of
carbon felt electrodes on their wettability and the transport processes in
the electrode [6]. Carbon-based materials with high transport-related
impedances in the DRT analysis also exhibit a hampered electrolyte
injection behavior in synchrotron X-ray imaging experiments [32,33].

In this study, we investigate the processes in the negative half-cell of
a VRFB using EIS combined with the DRT analysis. Thereby, several
experimental parameters are varied to investigate their influence on the
individual impedances in the system. This approach allowed us to assign
the peaks in the DRT spectrum to the electrochemical reaction of the
active V(II)/V(III) species, the transport process through the porous
structure of the electrode, and the ion transport. Furthermore, the dif-
ferences between the negative and positive half-cell processes are dis-
cussed, and the different time scales of the processes are highlighted.
The information gained about the reaction, the reaction mechanism, and
the transport processes is beneficial for studying novel electrode mate-
rials, their optimization, and simulation work.

2. Experimental
2.1. Materials and electrolytes

The carbon felt SIGRACELL® GFA 6.0 EA (SGL Carbon, Meitingen,
Germany) and the carbon paper SIGRACET® GDL 39 AA (SGL Carbon,
Meitingen, Germany) were thermally pretreated as proposed in the
literature to enhance their wettability and electrochemical performance
[5,34]. The carbon materials were placed in a covered glass petri dish
and heated to 400 °C for 25 h in a muffle furnace in an air atmosphere.
The carbon materials were immersed in ultrapure water (18.2 MQ cm)
and sonicated for two minutes to remove contaminations and small fiber
fragments from cutting before assembling the cell.

V(IV) electrolyte was prepared by dissolving VOSO4 (vanadyl sulfate
hydrate, 99.9 % metal basis, Thermo Fisher Scientific) in diluted H,SO4
(diluted from concentrated sulfuric acid, 96 %, Suprapur®, Merck with
ultrapure water (18.2 MQ cm)) to obtain 0.1 M VOSO4 in 2 M H5SO4.

Starting from the V(IV) electrolyte, a charging procedure was per-
formed to receive the V(II) electrolyte using a VRFB in a redox flow test
system (Scribner 857 Redox Flow Cell Test System, Scribner Associates
Inc.). First, a constant current of 40 mA cm ™2 was applied until a cut-off
cell voltage of 1.8 V was reached. Second, a constant cell voltage of 1.8 V
was applied until the current was lower than 1 mA cm ™2,

To obtain electrolytes with an SoC other than 0 % or 100 %, V(II) and
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V(III) electrolytes were mixed in the appropriate ratio.
2.2. Experimental setup

The electrochemical measurements were performed with an in-house
developed, 3D-printed flow cell designed to ensure steady-state condi-
tions during the experiment and mimic a commercial VRFB’s behavior.
A detailed cell description is available in Schilling et al.’s previous
publication [27], and a schematic drawing is given in Fig. S1 in the
supporting information. In short, a piece of carbon material (1.0 cm x
1.0 cm) was placed in the flow channel of the flow cell as the working
electrode (WE) and was contacted with a 1.0 mm thick titanium foil
(99.2 % Alfa Aesar). As a counter electrode (CE), three pieces of carbon
paper were stacked on each other and contacted with titanium foil. Both
titanium foils were electrically contacted with a titanium wire (0.28 mm
diameter, Alfa Aesar). A stack of five pieces of carbon paper was used as
the WE, whereas a single piece was used for the carbon felt. An in-house
developed hydrogen reference electrode was inserted as the reference
electrode (RE).

The EIS measurements were performed with the setup displayed in
Fig. 1. The flow cell is combined with a VRFB full cell to ensure that the
electrolyte is always fully charged during the measurements since the
SoC influences the EIS spectrum [27]. The anolyte is pumped from the
reservoir (Fig. 1, bottom left) to the VRFB full cell, where it is charged at
a constant cell potential of 1.8 V and then pumped to the second
reservoir (Fig. 1, top left). All electrolyte reservoirs were kept under a
nitrogen atmosphere. Next, the electrolyte is pumped from this reservoir
through the flow cell for the EIS measurement and back to the same
reservoir. Finally, the electrolyte is pumped from this reservoir to the
original anolyte reservoir (bottom left) to complete the charging and
measuring cycle. Peristaltic pumps (Masterflex L/S®, Cole-Parmer) were
used to transport the electrolyte through the setup. For experiments at
elevated temperatures, the electrolyte reservoir connected to the flow
cell was placed in an oil bath, and the measurement was started after an
equilibration period of 1.5 h. The catholyte reservoir contains the
electrolyte used in the positive half-cell during the charging process,
continuously circulating between the VRFB cell and the reservoir.

2.3. Electrochemical impedance spectroscopy and data processing

The electrochemical measurements were performed in the described
setup using an SP-300 potentiostat (BioLogic Science Instruments). The
following parameters were varied independently: the carbon material
used as the WE, the flow rate, the concentration of the vanadium species,
the temperature, the applied WE potential, and the SoC of the electro-
lyte. When not noted otherwise, the standard conditions were applied:

Pump

Half cell
(EIS measurement)

) )

VRFB fullcell U™

Anolyte Catholyte

Fig. 1. The experimental setup scheme combines the flow cell for the EIS
measurements with a VRFB full cell used to charge the electrolyte.
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room temperature, carbon paper as the WE and the CE, flow rate of 15
mL min_l, standard electrolyte with 0.1 M V(II) in 2 M sulfuric acid, WE
potential of —-0.30 V vs. RHE. The measurements were performed in the
potentiostatic mode in a frequency range from 100 kHz to 3.5 mHz with
a single sinusoidal excitation of 10 mV as the perturbation.

The Kramers-Kronig transform evaluated the data quality according
to the standard procedure provided by Schonleber et al. [35,36]. The
data were further analyzed using the MATLAB-based tool DRTtools [37]
based on the Tikhonov regularization. The spectra fitting is based on a
Gaussian function for the discretization and includes the inductive data.
As a regularization parameter, 1E-9 was chosen.

3. Results and discussion

Herein, we first propose the assignments of the DRT peaks from EIS
measurements in the negative half-cell of a VRFB. These assignments
were made by varying parameters and studying their influence on the
DRT spectrum. Second, the results from the parameter variations are
displayed and discussed in detail in the subsequent sub-sections.

3.1. Peak assignments of the drt spectra

We used the DRT analysis to obtain DRT spectra of the EIS mea-
surements in the negative half-cell of a VRFB. The peaks in the DRT
spectra are related to the occurring processes, and a frequency can be
assigned to each process. Fig. 2 presents an exemplary DRT spectrum of
the negative half-cell with the distribution function of the relaxation
times g(f) plotted against the frequency f. By the variation of different
experimental parameters, three characteristic frequency ranges were
identified in the DRT spectrum, highlighted in different colors. One peak
was observed in the high-frequency (HF) range above 1 Hz (highlighted
in yellow). This peak corresponds to the electrochemical redox reaction
of the active redox couple V(II)/V(III). Several peaks are observed in the
mid-frequency (MF) range between 1 Hz and 2 mHz (highlighted in
green). These peaks are assigned to transport the redox-active species in
the electrolyte through the porous electrode structure. The low-
frequency (LF) range below 2 mHz (highlighted in blue) displays one
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Fig. 2. Exemplary DRT spectrum of the negative VRFB half-cell with the
respective frequency ranges and peak assignments to the occurring processes.
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single peak also assigned to a transport-related process —ion transport.

We observed a slight shift of the single peak in the low-frequency
range when using different carbon-based electrode materials as the
WE. The assignments and frequencies displayed herein are valid for
carbon paper as the WE material. In the case of carbon felt, the peak in
the low-frequency range shifts to slightly higher frequencies. Similar
observations were previously reported in the literature [6].

We assigned the peaks in the DRT spectrum to the same processes
reported for the positive half-cell [27]. However, the peak frequencies
are severely shifted since the processes in the negative half-cell are
generally slower. Therefore, the respective frequency ranges related to
the electrochemical reaction, electrolyte transport through the porous
electrode structure, and ion transport were adapted accordingly and
appeared at lower frequencies.

3.2. Influence of the electrode materials

Carbon paper and carbon felts are commonly used as electrode ma-
terials in VRFBs [2,21]. Here, we investigate the influence of these two
materials on the DRT spectrum of the negative VRFB half-cell. Carbon
felts are highly porous materials that are fabricated from graphitized
fibers. The herein-used carbon felt has an open porosity of 95 % [38] and
a disordered fiber arrangement. Carbon paper is manufactured from
chopped fibers glued with a binder to form a thin electrode [39]. The
carbon paper used in this study has an open porosity of 89 % [40]. A
display of the herein-used carbon paper and carbon felt using different
magnifications and techniques, including light microscopy and scanning
electron microscopy, can be found in a previous publication by Schilling
etal. [27]. The different morphology of both materials will influence the
flow-through behavior of the electrolyte through the electrode and,
therefore, the impedance and the DRT spectrum.

Fig. 3a presents Nyquist plots of the EIS measurements using the
different carbon materials as the WE. The corresponding DRT spectra
and the bar diagrams summarizing the contributions to the individual
frequency ranges are displayed in s 3b and c, respectively. The Nyquist
plots of both materials differ significantly in shape. The overall imped-
ance is also a higher manifold for the carbon paper than the carbon felt.
If carbon paper is used as the WE (Fig. 3a, grey curve), the Nyquist plot
shows a small semicircle at high frequencies followed by several over-
lapping semicircles at lower frequencies. In the high-frequency range, a
vertical line below the x-axis is observed, corresponding to the setup’s
inductance, including the cables and the titanium wires used to contact
the electrode material electrically. This feature was observed for both
materials since it only relates to the setup. By eye, it is challenging to
identify the number of superimposed semicircles. However, the DRT
analysis helps to face this challenge by placing the number of RC ele-
ments connected in series, which describes the respective impedance
spectrum most adequately. Each RC element corresponds to one semi-
circle and, therefore, to one peak in the DRT spectrum. As explained in
the previous section, six peaks were identified for carbon paper as the
WE assigned to three frequency ranges.

The carbon felt has a much lower overall impedance than the carbon
paper. The Nyquist plot consists of a straight vertical line below the x-
axis, followed by an elongated superimposed semicircle and another at
lower frequencies (Fig. 3a, red curve). The DRT spectrum of the carbon
felt shows fewer peaks (Fig. 3b), with one single peak in the high-
frequency range related to the electrochemical reaction, followed by
two peaks (compared to four peaks with carbon paper) in the mid-
frequency range and a single peak in the low-frequency range.

Comparing the two impedance spectra, the impedance related to the
electrochemical reaction (HF range) is around three times larger for the
carbon felt than the carbon paper. Since the frequency does not change,
the rate-determining step seems identical. However, different active
sites in the materials might explain the significant difference in the HF
impedance. Carbon felt consists of graphitized carbon fibers, whereas
carbon paper comprises chopped fibers and carbonized glue-containing
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Fig. 3. (a) Nyquist plots and (b) corresponding DRT spectra using different WE materials (carbon felt or carbon paper). (c) Total impedance values contributing to

the assigned frequency ranges.

binder [41]. Thus, the carbon paper surface consists of various active
sites (fibers and binder). Different active sites likely have another cat-
alytic activity towards the V(II)/V(III) reaction; therefore, a different HF
impedance is observed at a similar frequency. The number of peaks and
impedance values in the MF range differs significantly, showing that the
morphology influences the transport process through the porous struc-
ture. Two relatively small peaks are observed for the carbon felt,
whereas the measurement with carbon paper results in four peaks in this
frequency range. The peak at around 0.2 Hz is identical for carbon felt
and carbon paper. Thus, a similar process related to the transport
through the porous structure should occur. Since only fibers are present
in both materials, this process could be associated with this component.
The other peaks in this frequency range are not identical and seem
related to the electrode materials’ unique structural features or

a) b)

elements. The single peak in the low frequency is shifted to higher fre-
quencies. It has a lower impedance for the carbon felt WE, which shows
that the ion transport must be facilitated compared to the carbon paper
material. Since some pathways in the structure of carbon paper are
blocked by the binder, higher MF and LF impedances might be explained
by this hindered transport.

In the following, carbon paper will be used as the WE, except for the
section about the influence of the flow rate (carbon felt: Fig. 4, carbon
paper: Figure in the supporting information). Since the choice of the
electrode material also influences the other parameters, a more in-depth
analysis will follow in the subsequent sections.
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Fig. 4. (a) Nyquist plots and b) corresponding DRT spectra at different flow rates of 10, 15, and 20 mL min ' using carbon felt as the WE. ¢) Total impedance values

contributing to the assigned frequency ranges.
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3.3. Influence of the flow rate

Fig. 4 displays the effect of varying the flow rate during the EIS
measurements in the negative half-cell. Carbon felt was used as the WE
since more significant differences in the impedance spectrum are visible
for this electrode material. In the case of carbon paper as the WE, only
marginal differences are observed by changing the flow rate (see sup-
porting information, Figure).

An influence of the flow rate on the EIS measurement is already
visible in the Nyquist plot (Fig. 4a). In the high-frequency range, the
vertical straight line below the x-axis related to the setup is observed,
similar to the previous measurements. The superimposed semicircles in
the MF and the LF range get smaller at a higher flow rate. These ob-
servations can be quantified using the DRT analysis. The peak in the low-
frequency range decreases with increasing flow rate (Fig. 4c) and shifts
to higher frequencies simultaneously. Here, the frequency range for the
LF peak was adapted for the bar diagram accordingly. The high flow rate
is beneficial for the transport of vanadium ions. Thus, the impedance
decreases and shifts to a higher frequency, indicating a faster and
improved transport process. The same observations were made in the
positive half-cell study for carbon paper and carbon felt as electrode
material [27]. The flow rate affects the MF and the LF range in the
negative half-cell. The transport processes in the MF range show a
decreased impedance with an increasing flow rate. This effect could be
caused by the increased amounts of ions transported to the electrode
surface with increasing flow rate and forming a thinner double layer
close to the surface. Using carbon felt as the WE, it should be noted that
the impedance related to the electrochemical reaction is relatively large,
and only a slight decrease of the HF impedance is observed at higher
flow rates. The mechanism of the V(II)/V(III) reaction is not fully un-
derstood, and many reaction mechanisms were previously proposed in
the literature, with a good overview provided by Kim et al. [21]. It could
be possible that a diffusion step of the vanadium ion to the electrode’s
surface is the rate-limiting step. With an increasing flow rate, this pro-
cess would be improved; therefore, the related impedance of the elec-
trochemical reaction would decrease.

Overall, this experiment with different flow rates demonstrates the
importance of choosing an electrode with excellent flow properties and
the best corresponding flow rate for the combination of electrode and
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cell design. Otherwise, the efficiency of a VRFB can be significantly
reduced by the losses related to the transport processes.

3.4. Influence of the V(II) concentration

Commercial VRFBs are operated at high molar concentrations of
vanadium ions in the electrolyte [2,9]. Thus, we studied the influence of
the V(II) concentration on the impedances of the processes in the
negative half-cell. The Nyquist plots, DRT spectra, and individual
impedance values are displayed in Fig. 5. At first glance, the overall
impedance decreased with higher vanadium concentration. The super-
imposed semicircles in the Nyquist plots (Fig. 5a) corresponding to the
transport-related processes are significantly reduced. Suppose a higher
concentration of vanadium ions is available in the electrolyte. In that
case, more vanadium ions will be closer to the electrode surface or only
need to diffuse a small distance before they can react at the active site of
the carbon-based material. Hence, the impedance related to the trans-
port processes decreases. For a V(II) concentration of 0.3 M, the peak at
the lowest frequency was considered the LF peak. The differences be-
tween 0.3 M and 0.5 M are minor. The V ion concentration in the
electrolyte is already high. In that case, additional ions no longer affect
the double layer since the increase is lower (0.1 M to 0.3 M: +200 %
increase of V ions compared to 0.3 M to 0.5 M: +67 % increase of V
ions). The change in viscosity due to a higher vanadium ion concen-
tration seems to play a negligible role since the changes in viscosity
should be minimal for the small changes in concentration [42].

The peak in the high-frequency range changes slightly with rising
vanadium concentration. The DRT spectra (Fig. 5b) reveal that the peak
frequency is unaffected; hence, the rate-determining step is the same.
However, the impedance related to the HF range decreases slightly with
a higher concentration of vanadium ions. The measurements from
changing the flow rate indicated that the rate-determining step of the
electrochemical reaction could be related to diffusion or adsorption.
Both processes could be positively influenced by a higher concentration
of the active species in the electrolyte, leading to a decreased HF
impedance at rising concentrations. Nevertheless, the effect on the
electrochemical reaction is relatively small compared to the impact on
the transport-related processes. Furthermore, the reaction mechanism is
investigated by many research groups, and many different pathways are
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Fig. 5. (a) Nyquist plots and b) corresponding DRT spectra at different V(II) concentrations of 0.1 M, 0.3 M, and 0.5 M V(II) in 2 M H,SO4 using carbon paper as the

WE. (¢) Total impedance values contributing to the assigned frequency ranges.
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proposed [15-22]. Yet, the exact reaction mechanism is unknown.
Overall, all processes in the negative half-cell improved at higher con-
centrations, indicating that VRFB operation at high concentrations is
beneficial.

3.5. Influence of the temperature

Since the temperature influences the impedance of cell processes, it
is crucial to select a suitable operating temperature for high VRFB effi-
ciency [43,44]. Fig. 6 displays the Nyquist plots, DRT spectra, and bar
diagrams of EIS measurements at different temperatures. During this
study, the temperature was increased from room temperature (20 °C) to
30 °C and 40 °C. In the LF and the MF range, the impedances related to
the transport processes decrease with rising temperature since a higher
temperature decreases the viscosity of the electrolyte [45]. Thus, due to
a higher mass diffusivity, the vanadium ions can be transported more
quickly through the electrolyte to the active sites. The effect of rising
temperature is especially significant for 20 °C to 30 °C. The diffusion
coefficient and the ionic mobility of vanadium ions are
temperature-dependent [46].

Surprisingly, the effect of the temperature on the electrochemical
reaction is negligible (Fig. 6b). We expected that a temperature variation
would influence the electrochemical reaction due to a change in the rate
constant, which is usually temperature-dependent. However, the rate-
determining step of the V(II)/V(III) reaction seems unaffected, or the
temperature change from 20 °C to 40 °C is too tiny to observe a signif-
icant difference.

3.6. Influence of the applied potential

This section will display and discuss the influence of the applied WE
potential on the impedance data (Fig. 7). A fully charged V(II) electro-
lyte was used, and different WE potentials were applied between —0.30
V vs. RHE and —0.26 V vs. RHE. These potentials were chosen to ensure
the same electrochemical reaction occurs in all experiments. Since the
open circuit potential of the solution is larger than —0.30 V vs. RHE, it is
guaranteed that only the V(II) oxidation to V(III) occurs since the re-
action equilibrium is shifted in this direction.

The Nyquist plot reveals minor differences in the lower frequency,
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which the DRT analysis can quantify. In the HF range, the single peak is
unaffected by changing the applied potential. The HF impedance and the
peak position remain similar, which supports the idea that only the V(II)
oxidation occurs in the setup. The LF and MF impedances are affected by
the change in applied potential. However, compared to the positive half-
cell [27], the effect in the negative half-cell is relatively small. A more
positive WE potential decreases the impedance of the MF range. If the
applied potential is varied, the double layer at the electrode’s surface is
altered, and the electrostatic force of the electrode is changed. Thus, the
concentration of vanadium ions close to the surface varies, and the
diffusion and migration of the ions through the electrolyte are influ-
enced. The oxidation of V(II) is favored; thus, the impedance decreases
by applying a more positive potential.

3.7. Influence of the SOC

This final section investigated the influence of the electrolyte’s SoC
(Fig. 8). The same potential of —0.20 V vs. RHE was applied during the
EIS measurement to ensure that the same electrochemical reaction, the
oxidation from V(II) to V(III), occurs in all measurements.

The HF peak related to the electrochemical reaction remains unaf-
fected by the SoC, proving that the same electrochemical reaction is
triggered. Due to the scale of the y-axis, the HF peak is relatively small
and cannot be distinguished in the DRT spectra and the bar diagram. In
comparison, the peak related to the ion transport in the LF range changes
significantly with the SoC. The impedance associated with this process
decreases if more V(II) reactant is available, which can undergo the
favored oxidation reaction to V(III). For example, fewer V(II) ions that
can undergo the oxidation reaction are available in an electrolyte with
25 % SoC compared to the electrolyte with 75 % SoC. Thus, the mean
diffusion pathway is more prominent, leading to a higher impedance of
the transport process.

4. Conclusion

In this study, the reaction and processes in the negative half-cell of a
VRFB were investigated using EIS combined with DRT analysis. Several
parameters, including the WE material, the flow rate, the V(II) con-
centration, the temperature, the applied WE potential, and the SoC of
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Fig. 6. (a) Nyquist plots and (b) corresponding DRT spectra at different temperatures of 20, 30, and 40 °C using carbon paper as the WE. (c) Total impedance values

contributing to the assigned frequency ranges.
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Fig. 8. (a) Nyquist plots and (b) corresponding DRT spectra at different SoCs of 25 %, 50 %, and 75 % using carbon paper as the WE. (c) Total impedance values in

the assigned frequency ranges.

the electrolyte, were varied, and the effects on the processes’ imped-
ances were studied. We separated and identified the individual pro-
cesses contributing to the overall impedance in the negative half-cell.
The DRT is a valuable tool in separating the superimposed semicircles in
the EIS spectrum. Three frequency ranges related to different processes
were identified for the negative half-cell. One peak is observed in the LF
range below 2 mHz, attributed to the ion transport. Several peaks are
identified from 2 mHz to 1 Hz (MF range), assigned to the redox-active
species’ transport processes through the electrode’s porous structure.
The knowledge derived from the LF and MF range can help to study the
phenomena in novel electrode materials and optimize their structure
concerning the impedance of the individual processes. In the HF range

above 1 Hz, the single peak was related to the electrochemical reaction
in the negative half-cell. The DRT analysis further revealed information
about the V(II)/V(IIl) reaction pathway, hinting that the rate-
determining step is influenced by diffusion. For the competing HER,
no peak was found in the DRT spectrum.

The results of this work serve as a foundation for developing new EIS
equivalent circuits and simulation models of the negative VRFB half-cell.
This work presents the second part of studying processes and reactions
with EIS and DRT analysis in VRFBs. The results of investigating the
positive half-cell were published previously [27]. Additionally, this
study demonstrates that operating a VRFB with a high vanadium ion
concentration in the electrolyte at elevated temperatures and the
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appropriate flow rate improves cell efficiency by reducing impedance
losses.
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