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ARTICLE INFO ABSTRACT

Keywords: Due to the worldwide increasing energy demand and the urgency to act due to climate change, new energy
Vanadium redox flow battery storage technologies are required to balance the intermittent power supply of renewable energy sources. While
Flow cell

the vanadium redox flow battery (VRFB) must still overcome lifetime and efficiency challenges, the technology is
a promising candidate for large-scale energy storage. Thus, conducting experiments in a setup that closely
mimics the operating conditions is vital for gaining new insights into the reactions and transport processes in a
VRFB. We developed a novel 3D printed flow cell to study the individual half cell reactions of a VRFB under
precisely controlled operating conditions. Using electrochemical impedance spectroscopy combined with the
distribution of relaxation times analysis, we could identify the processes occurring in the half cell with the V(IV)/
V(V) redox reaction by varying experimental parameters. We assigned peaks in different frequency ranges to the
electrochemical reaction, the transport processes through the porous electrode structure, and the ion transport.
This information is essential in the search for optimized operating conditions to improve the VRFB efficiency.

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

1. Introduction

Vanadium redox flow batteries (VRFBs) offer a promising concept for
a large-scale energy storage solution to stabilize the electric grid and
have gained increased attention over the last years [1-4]. Its design is
highly flexible because the energy capacity and the power density are
decoupled. However, this already commercially available battery type
still faces challenges, such as reduced efficiency due to side reactions [1,
5] or crossover [6], the solubility of the vanadium species in the elec-
trolyte [7], the component degradation [5,8,9], and the need for
improved cell architecture [10,11] and electrode materials [12-15]. The
overall efficiency must be increased, and cell losses, including ohmic,
kinetic, and transport losses, should be identified to render this tech-
nology more attractive for the commercial market. electrochemical
impedance spectroscopy (EIS) presents a classical electrochemical
technique to investigate these cell losses in battery and fuel cell research.
EIS is non-destructive and often performed in-situ to identify and
quantify the physicochemical processes within a cell, occurring on
different time scales. It is possible to study a VRFB under operating
conditions with a suitable setup [16-18].

Usually, impedance spectra are interpreted with an equivalent cir-
cuit model. However, a major challenge of this approach is the need for a
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priori knowledge about the system to choose an appropriate equivalent
circuit [19-21]. Nevertheless, this data evaluation method is often used
in VRFB research [22-24].

As another approach, the analysis of EIS data using the distribution
of relaxation times (DRT) method can be beneficial since no assumptions
or previous knowledge are necessary to analyze the data sets. In general,
DRT analysis transforms the impedance data, a function of the fre-
quency, into a distribution of time constants corresponding to the
physical processes in the investigated system [16,25-28]. This method is
already well known and commonly used in e.g., fuel cell [17,20,21,
27-30] and Li-ion battery [16,31] research, but it is still a relatively new
approach in VRFB research.

Tichter et al. [32] demonstrated that fundamental investigations
with different carbon powder materials in a rotating ring-disk setup are
possible. Their findings from standard techniques such as cyclic vol-
tammetry were supported by EIS coupled with DRT analysis. The same
group presented the first application of DRT analysis in a single cell
VRFB [30]. They identified the faradaic process in the negative half cell
of the VRFB and demonstrated that DRT analysis shows excellent po-
tential for the characterization of VRFBs.

For the operation of a VRFB or the electrolyte rebalancing in the
system, it is crucial to precisely know its State of Charge (SoC) in the half
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cells. Several different methods to determine the SoC have been pre-
sented, including the monitoring of the open circuit potential [33,34],
the electrolyte conductivity [34], and the electrolyte density [33], or the
use of spectrophotometric measurements [27,34,35]. Nevertheless, a
significant disadvantage of these methods is that they require additional
instruments. Thus, research groups seek a method that delivers accurate
results while not requiring purchasing complex additional equipment.
This study investigates the electrochemical and transport processes
during the V(IV)/V(V) redox reaction in a VRFB and utilizes the DRT
analysis to gain new insights. Therefore, a novel 3D printed flow cell was
developed to conduct experiments under well-defined measurement
conditions. We assigned the corresponding peaks in the DRT spectra to
the electrochemical reaction and different transport processes in the half
cell by varying its operating parameters. This technique of coupling EIS
measurements with DRT analysis was further utilized to determine the
SoC of the electrolyte in the investigated half cell. In the future, this
knowledge can be used to develop e.g., an equivalent circuit or a
physics-based model for simulation or further data evaluation.

2. Experimental
2.1. Materials and electrolytes

SGL Carbon (Meitingen, Germany) supplied the carbon materials.
The carbon felt SIGRACELL® GFA 6.0 EA and the carbon paper
SIGRACET® GDL 39 AA were thermally pretreated as proposed in the
literature to enhance the wettability and the electrochemical perfor-
mance [36,37]. The carbon materials were placed in a covered glass
petri dish and heated up to 400 °C for 25 h in a muffle furnace in an air
atmosphere. Before assembling the cell, the carbon materials were
immersed in ultrapure water (18.2 MQcm) and sonicated for two
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minutes to remove contaminations and small fiber fragments from
cutting.

Vanadium(IV) electrolyte was prepared by dissolving VOSO4
(vanadyl sulfate hydrate, 99.9% metal basis, Thermo Fisher Scientific)
in diluted H2SO4 (diluted from concentrated sulfuric acid, 96%, Supra-
pur®, Merck with ultrapure water (18.2 MQcm)). 0.1 M VOSO4 in 2 M
H2S04 was chosen as a standard concentration.

Starting from the vanadium(IV) electrolyte, a charging procedure
was performed to receive a vanadium(V) 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 the cut-off current of 1 mA cm™2.

2.2. Imaging of carbon materials

Images of the carbon materials were taken with a light microscope
(AXIO Zoom.V16, Carl Zeiss Microscopy GmbH) to characterize the fiber
arrangement. Scanning Electron Microscopy (SEM) images were con-
ducted (LEO 1550 VP, Carl Zeiss AG, InLens detector, 3 keV acceleration
voltage) for a more detailed visual analysis.

2.3. Experimental setup

The electrochemical measurements were performed with an in-house
developed 3D printed flow cell (Fig. 1a), designed to ensure steady-state
conditions during the experiment and to mimic the behavior of a com-
mercial VRFB. The carbon material was placed directly in the flow
channel in the bottom part of the cell to imitate the flow conditions in a
commercial cell. The carbon material for the working electrode (WE)

Contact WE

Fig. 1. Schematic display of (a) the in-house developed 3D printed flow cell highlighting the positions of the electrodes, (b) the bottom part of the cell, (c) picture of
the cell with inserted carbon electrode material, and (d) picture of the experimental setup consisting of the assembled flow cell, the electrolyte reservoir, and the

peristaltic pump.
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was cut to a square piece of 1.0 x 1.0 cm and contacted by a 0.25 mm
thick gold foil (99.9975 + %, Alfa Aesar). As the counter electrode (CE),
another piece of carbon material (2.5 x 2.5 cm) was used, which was
electrically contacted by a 1.0 mm thick titanium foil (99.2%, Alfa
Aesar). Both metal foils were contacted with a gold wire of 0.5 mm
diameter (99.9975 + %, Alfa Aesar). In the case of carbon paper, a stack
of five pieces was used as the WE and/or the CE to ensure a certain
volume for the electrolyte to flow through. An in-house developed
hydrogen reference electrode was inserted as the reference electrode
(RE; Fig. 1b). Since the compression rate of the electrode can influence
the mass transport, a compression rate of 11% was used for the carbon
paper, and a rate of 37% was used for the carbon felt. The cell was
tightened using ten screws, which are fixed hand-tightened.

During the measurement, the electrolyte was pumped from the
electrolyte reservoir through the flow cell and back to the reservoir by a
peristaltic pump (Masterflex L/S®, Cole-Parmer), as displayed in Fig. 1b.
Continuously pumping is required to ensure steady-state conditions
since the conditions at the electrodes should not change to gain mean-
ingful impedance data. For experiments at elevated temperatures, the
electrolyte reservoir was placed in an oil bath, and the measurement was
started after an equilibration period of 1.5 h.

2.4. Electrochemical impedance spectroscopy and data processing

The electrochemical measurements were performed with the previ-
ously described setup using an SP-300 potentiostat (BioLogic Science
Instruments). The following parameters were varied independently: the
carbon material, the flow rate, the temperature, the concentration of the
vanadium species, the sulfuric acid concentration, the applied potential,
and the SoC of the electrolyte. The standard EIS measurements were
conducted at room temperature with carbon paper as the WE and the CE
and a flow rate of 15 mL min™'. The standard electrolyte consists of 0.1
M VO?* in 2 M sulfuric acid. The standard measurements were per-
formed in the potentiostatic mode in a frequency range from 100 kHz to
2 mHz with a single sinusoidal excitation of 5 mV as the perturbation
and an applied potential of 1.05 V vs. RHE.

The Kramers-Kronig transform evaluated the data quality according
to the standard procedure provided by Schonleber et al. [38,39]. The
data were further analyzed using a MATLAB-based tool called DRTtools
[25] 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. The influence of
the regularization parameter is demonstrated in Fig. 12 (supporting
information).
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3. Results and discussion

This section will first demonstrate the quality check of the EIS data
by Kramers-Kronig transform. Second, we will propose the peak as-
signments of the DRT spectrum, which were obtained by varying
different parameters independently. These assignments are explained
and discussed in further detail in the following sections.

3.1. Validity check of the measured EIS data

The measured EIS data must fulfill high-quality standards to ensure
the validity of the DRT analysis. Therefore, the Kramers-Kronig trans-
form was performed to check the data quality. A typical result for such a
validity check is shown in Fig. 2. Since all measured residuals are smaller
than 1%, the data are reliable and can be analyzed with DRTtools [16,
171.

3.2. General assignments of the peaks in the DRT spectra

DRT analysis was used to separate the individual processes in the half
cell of the V(IV)/V(V) redox reactions and assign a frequency corre-
sponding to a time constant to each process. Fig. 3 displays a typical
spectrum for the setup and gives an overview of the peak assignments to
the half cell processes. The DRT spectrum displays the distribution
function of the relaxation times y(f) against the frequency. A general
color code for the three specific frequency ranges provides a better un-
derstanding of the spectrum. The DRT analysis reveals one smaller peak
in the high-frequency range above 50 Hz (yellow), which corresponds to
the electrochemical redox reaction between vanadium(IV) and vana-
dium(V). In the mid-frequency range between 10 mHz and 50 Hz
(green), several peaks are observed, which were assigned to the trans-
port processes of the active redox species through the porous structure of
the carbon electrode. Furthermore, we attributed the vanadium ion
transport to the single peak in the low-frequency range below 10 mHz
(blue). These assignments will be justified in the following sections.

3.3. Influence of the carbon material

Measurements with different electrode materials were performed to
investigate the influence of the WE and the CE on the EIS and DRT
spectra. A stack of carbon paper (CP) or a carbon felt (CF) was imple-
mented into the flow cell setup. Fig. 4 displays images of these materials
with different magnifications using different visualization techniques.
They show that the CF (Fig. 4a—c) is significantly thicker than the CP
(Fig. 4d-f), has a higher porosity (open porosity of CF: 95% [40] versus
CP: 89% [41]), and a disordered fiber arrangement. The CP is fabricated
from chopped fibers and glued together with a binder to produce thin
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Fig. 2. Typical result for a quality check of measured EIS data using Kramers-Kronig transform.
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Fig. 3. Schematic display of the proposed peak assignments to the half cell
processes using an exemplary DRT spectrum.

sheets. Thus, this material contains fewer voids or pores. The different
morphology of the CF and the CP significantly affect the flow-through
behavior of the electrolyte [14,28,42] and, consequently, the imped-
ance response of the cell.

The Nyquist plots measured with different carbon materials as the
WE and the CE and the corresponding DRT spectra are presented in
Fig. 5. The impedance spectra differ significantly in both shape and size.
When the CF was utilized as the WE and the CE (Fig. 5, black curve), the
Nyquist plot displays only a small semicircle in the high-frequency range

Carbon
Felt

Carbon
Paper
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and one suppressed and elongated semicircle at lower frequencies. Using
DRT analysis, the superimposed semicircles were separated into several
peaks. One small peak was observed at a high frequency (over 50 Hz),
and several peaks are visible in the mid-frequency range (10 mHz to 50
Hz). The mid-frequency peaks contribute the largest share to the overall
impedance.

When the WE was replaced by a stack of CP (Fig. 5, red curve), the
Nyquist plot’s shape and the corresponding DRT spectrum altered
significantly. Furthermore, the overall impedance decreased, mainly
due to the lower impedance in the mid-frequency range of the DRT
spectrum. The Nyquist plot in this electrode configuration (WE = CP, CE
= CF) shows a small semicircle in the high-frequency range. In addition,
a slightly suppressed semicircle is measured in the mid-frequency range,
which merges into another larger semicircle at low frequencies. Here,
only the onset of the low-frequency semicircle is visible since the mea-
surement was terminated to avoid long acquisition times. Furthermore,
a straight vertical line below the x-axis is observed in the high-frequency
range, attributed to the inductance of the cabling and the gold wires
used to contact the electrode. This artifact can be observed in all mea-
surements and is therefore independent of the choice of material.

The shape of the Nyquist plot with CP as the WE and the CE (Fig. 5,
green curve) is similar to the previous electrode configuration. The
vertical straight line merges into a small semicircle at high frequency,
which merges into another semicircle. This semicircle is significantly
smaller than the previous measurement with the CF as the CE. Again,
only the onset of a third semicircle is measured in the low-frequency
range. The overall impedance of this configuration is slightly
decreased since using CP instead of CF in the CE position lowers the
impedances in the mid-frequency range.

Since the fiber arrangements of the material — especially at the WE —
influence the observed peaks in the mid-frequency range significantly,
we concluded that the transport processes cause the impedances in the
mid-frequency range of the DRT spectra through the porous structure of
the carbon electrode. Therefore, this feature of the DRT spectrum — the
electrode material’s fingerprint — can be used to probe the material’s
morphology and wettability. In the subsequent experiments, we chose
carbon paper as the WE and the CE to investigate other aspects of the

Fig. 4. Displays of the carbon materials’ fiber arrangements and structure: (a)/(d) a picture, (b)/(e) a light microscope image (32x magnification), and (c)/(f) an SEM

image of the CF/the CP.
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Fig. 5. (a) Nyquist plots, (b) enlarged section of the high frequency range of the Nyquist plot, and (c) corresponding DRT spectra of different electrode combinations
using CF and/or CP. All measurements were performed at room temperature in the standard vanadium(IV) electrolyte with a flow rate of 20 mL min.

DRT spectrum since the impedance due to the electrode’s structure
should not dominate it.

3.4. Influence of the flow rate

Fig. 6 shows the Nyquist plots and DRT spectra at different flow rates
utilizing CP as the WE and the CE.

A higher flow rate mainly alters the arc at low frequencies associated
with the transport of vanadium species through the aqueous electrolyte.

However, it leaves the mid-frequency range almost and the high-
frequency range generally unaffected, as shown in the Nyquist plots.

The DRT spectra show that the position of the single high-frequency
peak at around 250 Hz is fixed, and the peak area is equivalent at all
measured flow rates. According to experiments with fuel cells and other
electrochemical devices, this high-frequency peak is linked to electrode
reaction kinetics [16,43,44], corresponding to the electrochemical va-
nadium(IV) oxidation in this case. The variation of the flow rate does not
influence this process.
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Fig. 6. (a) Nyquist plots and (b) corresponding DRT spectra at different flow rates of 10, 15, and 20 mL min". (c) Display of the absolute impedance values in the
specific frequency ranges. All measurements were performed at room temperature in the standard vanadium(IV) electrolyte with CP as the WE and the CE.
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Several small peaks are visible in the DRT spectra in the mid-
frequency range, which slightly increases with a higher flow rate. We
assigned these peaks to the transport processes through the porous
structure of the electrode in the previous section. The electrolyte is
pumped faster through the flow cell and the electrodes at a higher flow
rate. Therefore, the electrochemically active species in the electrolyte
have less time to invade the electrode’s pores, increasing the impedance
of this process. The effect is marginal since the CP used as the WE is only
280 um thick [41].

A higher flow rate is particularly beneficial for transporting the va-
nadium species through the electrolyte. Hence, we observe a lower
impedance and a shift towards higher frequencies (Fig. 6b and c) for the
low-frequency peak at around 10 mHz. This observation supports the
proposed assignment of this peak to the ion transport through the
electrolyte.

The same features described previously are observed in the Nyquist
plots and DRT spectra of the other electrode material combinations
(Fig. 13, supporting information). These experiments demonstrate that
selecting the optimal electrode material for VRFBs is crucial to mini-
mizing cell losses and, thus, increasing the overall efficiency. The pre-
sented method is a powerful tool to evaluate the flow properties of the
porous materials and, therefore, specifically helpful in developing novel
electrodes.

3.5. Influence of the vanadium(IV) and the sulfuric acid concentration

Since commercially available VRFBs are operated at high molar va-
nadium and sulfuric acid concentrations, different concentrations of the
vanadium(IV) species or the sulfuric acid in the electrolyte were inves-
tigated and compared to our standard electrolyte composition (0.1 M
VO*" in2 M HySO4). The results are shown in the bar charts in Fig. 7.
The respective Nyquist plots and DRT spectra of these measurements are
attached in the supporting information (Fig. 15).

The peak in the high-frequency range, corresponding to the elec-
trochemical reaction, is not affected by varying the vanadium(IV) ion or
the sulfuric acid concentration. The sulfuric acid concentration does not
influence the electrochemical reaction, and the concentration of the
vanadium reactant should not influence the reaction mechanism,
including the rate-determining step, in this small range of

a)
25
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concentrations [45]. Therefore, the peak position and the impedance of
this process remain constant when varying the concentrations.

The ion transport in sulfuric acid and the transport through the
porous network benefit from more electrochemically active species in
the electrolyte due to decreased transport distances. Increasing the va-
nadium(IV) concentration shows a significant impedance decrease in the
low- and mid-frequency range. Specifically, the impact on the ion
transport process at low frequency is significant and demonstrates that
operating a VRFB with a high molar electrolyte is essential.

The bar chart in Fig. 7b, summarizes the impact of the sulfuric acid
concentration on the cell impedance. A higher sulfuric acid concentra-
tion in the electrolyte increases its viscosity [46,47], which hampers the
vanadium ion transport and consequently causes this transport process
to be the dominating share of the total cell impedance. Zhao et al.
studied the impact of the sulfuric acid concentration and noticed an
increase in the viscosity from 3.03 mm? s~ at 1.5 M sulfuric acid to 4.54
mm? s! at 4.0 M sulfuric acid concentration [47]. Additionally, we
observed that the respective low-frequency peak shifts to even lower
frequencies with rising viscosity (Fig. 15, supporting information). In
contrast, the impedances related to the mid-frequency range first
decrease with rising sulfuric acid concentration and later increase again.
We propose that two contrary effects cause this relation. With an
increasing sulfuric acid concentration, the electrolyte shows a more
substantial oxidizing effect; thus, the carbon material’s surface func-
tional groups are altered. This effect also leads to a different wetting
behavior, which is enhanced with higher concentrations since the im-
pedances are decreasing [48,49]. Nevertheless, if the sulfuric acid con-
centration is very high (e.g., 4 M), the increased viscosity of the
electrolyte counterbalances this effect, and the mid-frequency imped-
ance rises again.

In conclusion, high molar vanadium(IV) concentrations are benefi-
cial, but a high viscosity due to high sulfuric acid concentrations reduces
the VRFB efficiency. Therefore, the ideal operating condition would be
high vanadium concentrations in highly diluted sulfuric acid.

3.6. Influence of the operating temperature

This section presents the influence of the operating temperature on
the Nyquist plot and the DRT spectrum (Fig. 8).
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Fig. 7. Influence of (a) the vanadium(IV) and (b) the sulfuric acid concentration in the electrolyte on the impedances of the three frequency ranges. A solution of 0.1
M VOSO, in 2 M H,SO, was used as starting point at room temperature with CP as WE and CE (15 mL min™* flow rate).
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The operating temperature affects all three frequency ranges of the
Nyquist plot and the corresponding DRT spectrum. The high-frequency
peak in the DRT spectrum decreases significantly at higher tempera-
tures. The vanadium(IV) oxidation rate constant is temperature-
dependent [50]. At higher temperatures, the reactants have higher in-
ternal energy and are more likely to overcome the activation barrier of
the electrochemical reaction. Thus, the impedance of this process de-
creases. At the same time, the peak frequency remains constant,
implying that the process’s time constant does not change. Thus, the
reaction mechanism and the rate-determining step are independent of
the temperature.

The decreased electrolyte viscosity and thus also influenced mass
diffusivity due to higher operating temperatures promote the transport
processes in the mid-and low-frequency range. The vanadium ions can
be transported more easily and quickly through a less viscous electrolyte
resulting in a higher mass diffusivity, which causes the impedance of the
ion transport and the transport through the porous structure to decrease
significantly. Simultaneously, the increased temperature of the electro-
lyte changes the wettability of the electrolyte towards the electrode. At
the same time, the peak position of the ion transport process is constant.

3.7. Influence of the vanadium species and the electrochemical reaction

In the half cell of the V(IV)/V(V) redox reactions, only vanadium(IV)
is present when the battery is fully discharged, and only vanadium(V)
ions are present in the fully charged state. The vanadium(IV) oxidation
or vanadium(V) reduction is kinetically favored depending on the
applied potential. This section investigated the impacts of the oxidation
state and the occurring electrochemical reaction.

So far, all experiments have been performed in vanadium(IV) elec-
trolyte at a potential of 1.05 V vs RHE, which corresponds to the onset of
the vanadium(IV) oxidation peak in a cyclic voltammogram. However, if
we want to use pure vanadium(V) electrolyte, the applied potential
should favor the opposite reaction — the vanadium(V) reduction. Cyclic
voltammetry was performed in the three-electrode setup to ensure that
the negative current response at the chosen vanadium(V) reduction
potential matches the positive current response at 1.05 V vs. RHE
(Fig. 14 in the supporting information). The positive current at 1.05 V
vs. RHE was determined from this measurement, and the potential
corresponding to the respective negative current value was identified as
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1.10 V vs RHE. Thus, this potential was used for the following EIS
measurements with pure vanadium(V) electrolytes. The EIS and DRT
spectra of the two solutions with different vanadium oxidation states are
displayed in Fig. 9.

It must be noted that more frequency points were measured for the
vanadium(V) electrolyte to prove the finiteness of the data, which is a
requirement to perform an accurate DRT analysis. The DRT analysis can
be applied since the Nyquist plot indicates partial semicircles at lower
frequencies.

In the cell, different reaction types are favored due to various applied
potentials and electrolytes. Surprisingly, the high-frequency peak ap-
pears at a similar frequency (around 200 Hz) in both measurements, and
the corresponding impedances of the vanadium(IV) oxidation (313 mQ)
and the vanadium(V) reduction (324 mQ) are very similar. Since the
peak positions are almost equal, the rate-determining step in both re-
actions must be equally fast.

In the low-frequency range, the peak of the ion transport process is
influenced by the electrolyte species. In the vanadium(V) electrolyte, the
peak appears at a higher frequency (2.6 mHz) compared to the mea-
surement in the vanadium(IV) electrolyte (1.5 mHz). Since the vana-
dium(V) electrolyte has a lower viscosity than the vanadium(IV)
electrolyte and thus, the mass diffusivity is influenced [48,51]. This
relation between the frequency of the process and the viscosity of the
electrolyte solution and mass diffusivity is similar to the previous results
with different sulfuric acid concentrations (Fig. 15, supporting infor-
mation). Therefore, the ion transport process is faster in vanadium(V)
electrolyte, and the corresponding peak shifts to a higher frequency.

3.8. Influence of the applied potential

It was necessary to choose an appropriate potential for both exper-
iments to perform the previously presented measurements with different
vanadium electrolytes. The following section will discuss the influence
of the applied potential on the EIS and DRT spectra using pure vanadium
(V) electrolyte. The same measurement procedure with vanadium(IV)
electrolyte is presented in the supporting information (Fig. 16).

The vanadium(V) electrolyte used in the presented measurements
has an open circuit potential of 1.169 V vs RHE. The applied potential
should be below this value to shift the reaction equilibrium towards the
vanadium(V) reduction. Therefore, potentials between 1.10 V vs RHE
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Fig. 8. (a) Nyquist plots and (b) corresponding DRT spectra at different operating temperatures. (c) Display of the absolute impedance values in the specific fre-
quency ranges. All measurements were performed at a constant flow rate of 15 mL min™' in the standard vanadium(IV) electrolyte with CP as the WE and the CE.
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Fig. 9. (a) Nyquist plots and (b) corresponding DRT spectra measured in pure vanadium(IV) or vanadium(V) electrolyte with a concentration of 0.1 M VO** or VO3
in 2 M H,S04. All measurements were performed at room temperature at a constant flow rate of 15 mL min with CP as the WE and the CE.

and 1.16 V vs RHE were applied in the following EIS measurements
presented in Fig. 10. The corresponding DRT spectra show that the peak
at high frequencies, which corresponds to the electrochemical reaction,
is not affected by the applied potential. Therefore, the electrochemical
reaction and the reaction mechanism must remain the same.

In contrast, the change in applied potential influences the peaks in
the low- and medium-frequency range. The impedances related to both
ranges decrease with decreasing potential. Applying different potentials
in the potential range of the electrochemical reaction alters the double
layer of the electrode. Since the electrostatic forces at the electrode-
electrolyte interface define the vanadium ions’ concentration distribu-
tion, the double layer change caused by the applied potentials impacts
the impedances in the low- and medium-frequency ranges. The apparent
effect on the impedance of the low-frequency peak is shown in Fig. 10c.

Reducing the potential from 1.16 V to 1.10 V vs RHE causes the low-
frequency impedance to drop six times.

In conclusion, the choice of the applied potential significantly in-
fluences the triggered processes in the half cell of the V(IV)V(V) redox
reactions, as observable in the measured Nyquist plots and the resulting
DRT spectra. Thus, the choice of the applied potential is crucial. The
following section will present an approach for choosing the cell potential
for investigations of the SoC.

3.9. Influence of the state of charge

An important parameter to consider when analyzing the half cell
processes of a VRFB is the SoC of the electrolyte. During the operation of
a VRFB, the SoC will continuously change due to redox reactions taking
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Fig. 10. (a) Nyquist plots and (b) corresponding DRT spectra at different applied potentials. (c) Influence of the applied potential on the impedance of the low-
frequency peak. All measurements were performed at a constant flow rate of 15 mL min! in 0.1 M VO3 in 2 M H,SO4 with CP as the WE and the CE.
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place. Defined volumes of vanadium(IV) and vanadium(V) electrolyte
were mixed to mimic an intermediate SoC of the battery. After an
equilibration time of 10 min, the flow cell’s open circuit potential (Eqc)
was determined. The applied potentials for the EIS measurements were
selected according to the protocol presented in Fig. 11b, which implies
adding or subtracting 50 mV to the measured E,.. This measure ensures
well-defined operating conditions and only causes minor faradaic cur-
rents, which will not alter the SoC of the electrolyte. Furthermore, side
reactions or undesired reactions during the measurement can be pre-
vented if only a slight deviation from the E,. is chosen. Nevertheless,
higher potential deviations have been tested, and the results of these
experiments are presented in the supporting information (Fig. 17). Using
a higher potential than the E,, the preferred reaction is the vanadium
(IV) oxidation to vanadium(V). The vanadium(V) reduction to vana-
dium(IV) is more likely to occur if a potential lower than the E, is
applied.

This section presents a novel approach to determining the SoC of the
electrolyte in the half cell of the V(IV)/V(V) redox reactions based on EIS
measurements and DRT analysis. In the DRT spectra of the electrolytes
with different SoC values, we observed that the impedance of the low-
frequency peak (Zpf) strongly correlates to the SoC of the electrolyte
(Fig. 11c¢). Thus, a simple EIS measurement in combination with DRT
analysis can be used to determine the SoC of the vanadium electrolyte.

The impedance related to the low-frequency peak (Zpr) is obtained
using DRT analysis. The value corresponds to the area under the graph of
the peak. The impedance increases with increasing SoC for the mea-
surements at a potential of E,c + 50 mV. The Eo. — 50 mV measurements
show the opposite trend as the impedance decreases with higher SoC.
However, the 0 and 100% SoC measurements do not fit the trends and
are excluded in the following discussion. In short, the impedance
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Mixtures solution

Pure VO,*
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decreases if more reactants are available for the reaction favored by the
applied potential. As an example: if a higher potential than the E,. is
applied, the vanadium(IV) ions are oxidized. If the SoC of the electrolyte
is low, many vanadium(IV) ions are present and can be oxidized. Thus,
the impedance related to the low-frequency peak is low. In contrast, a
high SoC corresponds to a low concentration of vanadium(IV) ions in the
electrolyte. A potential higher than the E,. leads in this case to a high
low-frequency impedance. For the reduction reaction (applying a po-
tential below E,), the same behavior is observed. The proposed method
to determine the SoC is particularly beneficial for the mid-range SoC
values of a battery. In this range, the E, only differs slightly for different
SoC values; thus, the SoC determination via the E. is less accurate.

In conclusion, a combination of open circuit potential monitoring
(for low and high SoC values) and the EIS-based method (for mid-range
SoC values) improves the accuracy of the SoC determination of vana-
dium electrolytes. A random SoC of 66% was chosen, and the respective
electrolyte solution was mixed to test our EIS-based approach. In
Fig. 11c, the impedances of its low-frequency peak, measured at Eq. +
50 mV and E,. — 50 mV, are highlighted green. Both impedance values
match the results of the previous SoC measurements and confirm the
reported relationship between the SoC of the electrolyte and the low-
frequency impedance. This experiment shows that a potentiostat com-
bined with a frequency response analyzer can be used to monitor the SoC
of the vanadium electrolyte during the charging and discharging of a
VRFB.

4. Conclusion

EIS data of the electrochemical V(IV)/V(V) redox reactions were
analyzed utilizing the DRT tool. The experiments were conducted with a
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Fig. 11. (a) Picture of vanadium electrolytes with different SoC values, (b) scheme of the choice of applied potentials during EIS measurements using electrolytes
with different SoC, and (c) relation between the impedance of the low-frequency peak and the SoC of the vanadium electrolyte.
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3D printed flow cell to ensure controlled operating conditions. Several
parameters were varied, including the carbon electrode material used as
the WE and/or the CE, the flow rate, the vanadium(IV) and the sulfuric
acid concentration, the temperature, the oxidation state of the vanadium
ions, the applied potential, and the SoC of the electrolyte to separate and
identify individual impedance contributions of the cell. This approach
allowed us to assign the various peaks in the DRT spectrum to specific
reaction and transport processes in the cell.

The peak in the high-frequency range above 50 Hz is related to the
electrochemical reaction of the vanadium species in the electrolyte.
Several peaks in the mid-frequency range between 10 mHz and 50 Hz
are linked to the electrolyte transport processes through the porous
electrode structure and can be seen as a fingerprint of the electrode
material. The single peak in the low-frequency range below 10 mHz
corresponds to the ion transport.

This study was able to assign peaks to individual processes. In the
future, this knowledge can be used to develop e.g., an equivalent circuit
or a physics-based model, which can also be used for simulations or
further data evaluation, including extracting relevant metrics such as
rate constants or mass transfer rates.

Based on this study, it is beneficial to operate a VRFB at higher flow
rates, at elevated temperatures, with a high concentration of vanadium
(IV) ions and a low sulfuric acid concentration to minimize the imped-
ances of the individual processes.

This advanced characterization technique helps find optimal oper-
ating conditions and select suitable porous electrode materials to in-
crease the battery’s efficiency. Furthermore, it can electrochemically
determine the SoC of the vanadium electrolyte without additional
equipment.
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