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Abstract: One of the most important parameters for the design of redox flow batteries is a uniform 

distribution of the electrolyte solution over the complete electrode area. The performance of redox 

flow batteries is usually investigated by general measurements of the cell in systematic experimental 

studies such as galvanostatic charge-discharge cycling. Local inhomogeneity within the electrode 

cannot be locally-resolved. In this study a printed circuit board (PCB) with a segmented current 

collector was integrated into a 40 cm2 all-vanadium redox flow battery to analyze the locally-

resolved current density distribution of the graphite felt electrode. Current density distribution 

during charging and discharging of the redox flow battery indicated different limiting influences. 

The local current density in redox flow batteries mainly depends on the transport of the electrolyte 

solution. Due to this correlation, the electrolyte flow in the porous electrode can be visualized. A 

PCB electrode can easily be integrated into the flow battery and can be scaled to nearly any size of 

the electrode area. The carbon coating of the PCB enables direct contact to the corrosive electrolyte, 

whereby the sensitivity of the measurement method is increased compared to state-of-the-art 

methods. 

Keywords: all-vanadium redox flow battery; segmented electrode; current density distribution; 

flow distribution 

 

1. Introduction 

As an increasing percentage of energy is produced from renewable energy sources, 

electrochemical energy storage devices are in increasing demand, in order to integrate it into the 

electric power supply [1]. One of the most promising systems to store and to provide electric energy 

in grid-scale is the redox flow battery [2]. A significant advantage of redox flow batteries is the 

complete separation of power and energy capacity. Both characteristics can be adjusted by altering 

the size or the number of electrochemical cells in the battery stack or the volume of electrolyte solution 

in external reservoirs. As redox flow batteries have no geographic limitations compared to other 

large-scale energy storage technologies such as pumped hydro or compressed air storages, this 

flexible setup means that the redox flow battery system can be customized to specific applications 

[3]. 
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Redox flow batteries store chemical energy and generate electric energy by a chemical redox 

reaction. The redox reaction takes place at two electrodes, usually separated by an ion exchange 

membrane. This configuration provides the flexibility to combine various redox couples for redox 

flow batteries [4]. The most widely studied chemistry, which has been commercialized up to a MWh-

scale redox flow battery, is all-vanadium technology [5]. For this chemistry, the redox couples V3+/V2+ 

and VO2+/VO2+ are dissolved in an aqueous electrolyte solution. The use of vanadium ions in both the 

positive and the negative electrolyte cycles offers the possibility to compensate for electrolyte 

imbalances and capacity losses due to cross-contamination. 

Even today, redox flow batteries both as single cells on a laboratory-scale and as stacks are 

mostly characterized by overall performance measurements [6]. By comparing different parameters 

such as efficiencies in galvanostatic or constant power cycles, polarization curves, or limiting charge 

or discharge current densities, the materials and layout of a cell are validated [7,8]. Furthermore, cell 

geometries and electrolyte flow rate or physical and chemical properties of the porous electrode, such 

as compression or oxidative pretreatment, are examined. Due to the two- or multidimensional 

structure, redox flow batteries are complex insofar, as local inequalities can exist. Overall 

performance studies of course provide numerous indicators on how to improve redox flow batteries. 

Such investigations take account of local inhomogeneity within an electrode, but there is no local 

resolution of the cell performance. 

Most all-vanadium redox flow battery setups use porous carbon electrodes as a reaction surface. 

In these conventional flow frames the electrolyte is forced to flow through the porous electrode 

without any free flow as in the flow field structures. The electrolyte solution should be uniformly 

distributed throughout the porous electrode to maximize the performance of the battery [9]. A 

conventional flow frame regulates the electrolyte flow simply by the distribution structure at the inlet 

and at the outlet of the cell. Due to the specific design and the use of anisotropic materials, such as 

the graphite electrode, local inhomogeneity cannot be completely avoided. However, it can be 

reduced by suitable adjustments of the flow frame or a better selection of the electrode porosity and 

permeability.  

An uneven distribution of the electrolyte flow can limit the battery operation in various ways. 

A local undersupply with electrolyte solution can lead to local overpotential during the charging 

process. Overpotential may cause decomposition of the aqueous electrolyte solution and, thus, the 

formation of hydrogen at the anode or carbon corrosion on the cathode [10,11]. This process not only 

reduces the capacity of a battery: the decomposition may also irreversibly destroy the electrolyte, and 

the flammable hydrogen that escapes is a major safety risk. In addition, an insufficient supply of the 

electrolyte solution to the porous electrode may cause the formation of gas pockets within the cell. 

Such spots increase the internal resistance of the battery, increasing the operating losses [12]. 

Since general experimental methods do not offer any spatially resolved information, two-

dimensional characteristics in the electrode area must be obtained in a different way. To obtain such 

knowledge from the inside of the battery, characteristics like electrolyte flow distribution, local 

electrochemical conversion or even temperature distribution are analyzed by multi-physics models 

coupled with computational fluid dynamics [13–15]. These predictions, however, are based on 

assumptions and cannot automatically represent the real conditions of the redox flow battery. 

Experimental validation of computer models requires new locally-resolved measurement methods 

for redox flow batteries. Of special interest are locally-resolved investigations of the current density 

distribution within the porous electrode area. The local current density and the gradient in the current 

density distribution provide a strong basis for conclusions of the performance and about the 

conditions in the redox flow battery. 

For more than 20 years, locally-resolved measurements have supported research on fuel cells. 

Since the functionality of a redox flow battery is quite similar to that of a fuel cell, locally-resolved 

measurement methods developed for fuel cell research can be adapted for the investigation of redox 

flow batteries. Clement et al. [16] take up this idea and provide an overview of established techniques 

in their publication. Hall sensors determine the local current density by measuring the magnetic 

induction caused by the electric current [17,18]. Hall sensors can measure high currents and can be 
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used in wide temperature ranges. Due to the size of a hall sensor the maximum number of units on 

a specific area is limited [19]. Hard-wired shunt resistors are simple to implement into 

electrochemical cells as a segmented electrode [20]. However, they can only be installed at one of the 

end electrodes. The current density is measured by a voltage drop at the shunt, which is proportional 

to the current flowing through the separate trace. Printed circuit boards with mounted shunts operate 

by the same method [21,22]. Printed circuit boards are characterized by their ease of assembly into 

the test cell. The machine production allows an almost arbitrary resolution of the measurement [19]. 

One of the major differences between all-vanadium redox flow batteries and fuel cells, however, is 

the reaction medium. The main component of the all-vanadium redox flow battery electrolyte is semi-

concentrated sulfuric acid. 

Locally-resolved measurements of the current density distribution are a very powerful tool for 

understanding and improving redox flow batteries. To date, published studies demonstrate the 

interest in these methods [16,23–26]. Clement et al. measure the current density distribution in a 

square 9 cm2 all-vanadium redox flow battery with a segmented electrode on a printed circuit board 

[16]. The gold-plated surface of the printed circuit board is protected by a fully segmented plate with 

integrated flow channel structures. Bhattarai et al. [23] use the voltage distribution and Hsieh et al. 

[20] use the current density distribution to study square 100 cm2 all-vanadium redox flow batteries 

with hard-wired shunt resistors. In contrast to Clement et al., both examine traditional flow frame 

configured batteries with porous graphite felt electrodes. The main advantage of hard-wired shunt 

resistors is the simple installation of the measuring technology in terms of the measurement setup 

and the chemical resistance. While Clement et al. require a customized flow plate made of chemically 

resistant material to protect their gold-plated printed circuit board, Bhattarai et al. and Hsieh et al. 

use regular bipolar plate materials to build the segmented electrodes. However, problems, such as 

accurate compression and contact to the electrode, are reported [24]. In addition, Hsieh et al. [24] and 

Clement et al. [16] report the unfavorable influence of a not fully segmented flow plate due to the 

lateral current spread. 

Another important parameter for designing redox flow batteries is the electrolyte flow through 

the porous electrode. In a conventional flow frame setup with flow-through configuration, the 

electrolyte flow is regulated by the distribution structures of the flow frame at the electrolyte inlet 

and the electrolyte outlet and by the physical properties (e.g., porosity and permeability) of the 

graphite felt. Due to the porous nature of the electrode, Darcy’s law predicts a uniform velocity along 

the electrode [13]. In redox flow batteries the electrolyte local velocity and the resulting local flow 

distribution along the electrode cannot be directly measured during operation. In fuel cell research 

various experimental studies on the visualization of flow behavior in single cells have been published 

[27]. Different technologies such as X-ray radiography [28], neutron radiography [29,30], magnetic 

resonance imaging [31,32] or optical visualization using transparent test cells [33,34] were used to 

analyze the water distribution and gas flow inside fuel cells. Clement et al. describe in their study 

that the current density distribution mirrors the electrolyte flow. However, there was no further 

investigation of the electrolyte flow behavior. Bhattarai et al. fear that lateral current spread due to 

uneven local resistances in the electrode of the test cell dominates the current density distribution 

[23]. For this reason, they use open circuit voltage distribution mapping and SOC mapping to analyze 

the electrolyte flow in redox flow batteries [25,26]. In addition, studies have been published on the 

use of infrared thermography, X-ray computed tomography and thermal energy dissipation to 

investigate the electrolyte flow in all-vanadium redox flow batteries [35–37]. In general, studies start 

as small laboratory-size experiments and are then scaled up to large cells and stacks [38]. For this 

reason, it is important that a measuring method can be adapted to the different sizes. 

A segmented electrode on a printed circuit board is a comparably attractive method for 

measuring the current density distribution of redox flow batteries during operation. A printed circuit 

board can be flexibly scaled in size, form, and number of segments to the respective geometry of the 

cell, ensuring both even compression and contact resistances in the setup. 

This study presents a novel advanced measurement setup with a segmented electrode on a 

printed circuit board for locally-resolved current density measurement in all-vanadium redox flow 
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batteries. A special carbon coating protects the measurement setup from the corrosive electrolyte 

solution and thereby allows direct integration into the battery. Thus, the current density distribution 

of a laboratory test cell with an electrode area of 40 cm2 was experimentally examined during 

galvanostatic charge and discharging. Different limitation effects during operation were visualized 

and, in addition, the electrolyte flow in the test cell was investigated. Compared to state-of-the-art 

locally-resolved measurement methods, the printed circuit board electrode increased the sensitivity 

of such experiments. For the first time, current density distribution was measured during 

initialization of the all-vanadium redox flow battery, enabling the reaction path of V3+ oxidation in 

the positive half-cell to be visualized. 

2. Results and Discussion 

Figure 1 presents the current density distribution at the cathode while the test cell is discharged 

with 25 mA cm−2 and 2.5 mL min−1 cm−2 for both electrolytes, starting at SOC 50%. The 3D bar diagram 

shows local deviations of current density of more than ±5%. However, no vectored gradient that can 

be explained by any characteristic of the battery, such as mass transport limitation, can be identified. 

 

Figure 1. Current density distribution during discharge with 25 mA cm−2 and 2.5 mL min−1 cm−2  

(λ > 100) for both electrolytes, starting at SOC 50%. The segmented current collector was installed at 

the cathode of the battery. 

At comparable operating conditions with similar flow frame design Hsieh et al. monitor local 

deviations in the current density distribution of more than ±20% of the average current density [24]. 

Limitation caused by the electrolyte conversion can be regarded as marginal due to the absence of a 

characteristic gradient in the current density distribution and the very low reaction conversion at  

25 mA cm−2 with the relatively high electrolyte flow of 2.5 mL min−1 cm−2 (λ > 100). In this context, the 

stoichiometric factor λ represents the flow rate condition and is shown in Equations (1) and (2): 

charging: λ = Q/Qst = dV/dt ((1 − SOC) n c F)/I (1) 

discharging: λ = Q/Qst = dV/dt (SOC n c F)/I (2) 

The stoichiometric factor λ is the ratio of the electrolyte flow rate Q and the stoichiometric flow 

rate Qst. For charging and discharging λ is calculated by the electrolyte flow dV/dt, the state of charge 

of the electrolyte SOC, the number of electrons transferred n, the concentration of vanadium in the 

electrolyte c and the Faraday constant F. The stoichiometric factor then can be increased both by 

increasing the current I or just reducing the retention time t in the test cell. 

A non-uniform pressure distribution of the printed circuit board electrode and, therefore, non-

uniform contact resistances can also be eliminated as a source of the local current values due to the 

screwing of the test cell by the aluminum end plates. The printed circuit board itself exhibits low 

tolerances in fabrication and resistance, and the influence of the measurement setup on the test cell 

can be regarded as negligible. The local effects in the current density distribution can, therefore, be 
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attributed to inconsistency in the test cell. Most likely, the porous graphite felt electrode shows the 

largest influence on the current density distribution presented in Figure 2. In the test cell a GFA5 

graphite felt was used as a porous electrode and was compressed to around 75% of its original 

thickness. To adjust the compression during assembly of the test cell, the thickness of the graphite 

felt was measured at nine points. The measured thickness was in the range of 4.8 mm to 5.4 mm due 

to tolerances in the manufacturing process, and the average thickness was about 5.2 mm. Due to the 

non-uniform thickness of the graphite felt, different local compression rates in the electrode occur 

after assembling the test cell. Since the flow frame including spacer and the sealing form a pocket 

thickness for the porous electrode of 3.9 mm there is local compression from 72% to 81% of the 

original thickness in the test cell. 

The electrical resistance of the GFA5 graphite felt is a function of its compression. In addition, a 

higher compression leads to smaller contact resistances between the porous electrode and the bipolar 

plate. Non-uniform compression of the graphite felt in the redox flow battery results in non-uniform 

contact resistances along the electrode surface. Figure 2 shows the specific electric resistance of the 

GFA5 graphite felt at different compression rates. 

 

Figure 2. Specific electric resistance of the SIGRATHERM® GFA5 graphite felt at different 

compression rates up to 40% of the original thickness. The resistance was measured on a dry 25 cm2 

graphite felt at a total current of 100 mA. 

The specific electrical conductivity of the graphite felt increases with higher compression [39]. 

Since the electric current follows the path of smallest resistance, anisotropy in the compressed felt, 

and the resulting contact resistance cause local inhomogeneity in the current distribution. In 

previously published studies, Clement et al. [16] and Hsieh et al. [24] describe a uniform current 

density distribution during charging and especially at low charge currents and high flow rates. This 

can be expected due to a low electrochemical conversion rate under these conditions. Hence, the 

influence of the electrolyte on the inhomogeneity of the battery can be regarded as marginal. The 

local electrical resistance of the porous electrode, therefore, provides a plausible explanation for the 

deviations from the average current density. The observed characteristic of the graphite felt 

demonstrates the importance of considering such boundary conditions in the investigation of locally-

resolved current density distributions in redox flow batteries.  

Typically, redox flow battery test cells in laboratory-scale are tested with galvanostatic cycling 

tests. By analyzing locally-resolved current density distributions in the porous electrode, weak spots 

of the cell structure or cell configuration with local overpotential can be detected to improve the 

battery performance. Figure 3a shows the current and the voltage of a test cell with an integrated 

printed circuit board during galvanostatic cycling with 50 mA cm−2 and an electrolyte flow rate of 

2.5 mL min−1 cm−2. The cut-off voltages for this experiment were set from 0.8 V to 1.6 V. In the voltage 

curve, four areas of significant interest are highlighted. These areas mark operating points during 

charging (i), shortly before the end of charging (ii), during discharging (iii) and shortly before the end 

of discharging (iv). 
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The current density distribution while charging the redox flow battery is almost uniform for the 

total electrode area during the complete charging process. Local deviations from about ±5% are 

recorded, but without a characteristic shape. Almost no difference between Figure 3b during 

charging and Figure 3c close to the end of the process is observed. The current density distribution 

indicates that charging the battery under the presented conditions is not limited by mass transport. 

Charging the battery in this case is simply terminated when the maximum charging voltage is 

reached, due to the electrochemical window of the aqueous electrolyte. Clement et al. describe the 

same result in their study [16]. 

The current density distribution during discharge shows different behavior from during 

charging process, which is presented in Figure 3d,e. Mid-way through discharge, the current density 

distribution is roughly uniform for the entire electrode area, while close to the end of discharge a 

significant inhomogeneity in the current density can be observed. The current density decreases 

constantly as it passes from the electrolyte inlet to the electrode and finally the electrolyte outlet. 

Maximum differences of more than ±10% are measured. This gradient of the current density 

distribution can be observed during discharge at various currents with similar intensity. Unlike the 

charging process, the discharge is strongly influenced and dominated by a limitation of mass 

transport. 
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Figure 3. Current and voltage of the test cell during galvanostatic cycling (a) and current density 

distribution at different operating points at a current of 50 mA cm−2 and an electrolyte flow rate of  

2.5 mL min−1 cm−2 (λ ≈ 60 at start): Charging around SOC 50% (b), close to the end of the charging 

process (c), discharge around SOC 50% (d) and close to end of the discharging process (e). The printed 

circuit board was installed at the cathode of the test cell. 

The observed current density distributions during galvanostatic charge and discharge tests were 

comparable to the experimental results from Hsieh et al. in their square-shaped redox flow test cell 

[24]. Hsieh et al. recorded slightly larger gradients from the inlet to the outlet of the cell, but in their 

study the cutoff voltage for discharging was set to 0.7 V. Due to their hand-built hard-wired 

measurement setup, their accuracy is lower, and the measurements show larger maximum and 

minimum values, especially during operation at low electrochemical conversion. In general, both 

studies confirm the measured current density distributions during the galvanostatic operation of all-

vanadium redox flow batteries. 

Since there is a correlation between current density distribution and electrolyte flow, this effect 

can be used to investigate the electrolyte flow. To generate a significant gradient in the current density 

distribution, the test cell is discharged close to cutoff voltage. The domination of the cell performance 

by the mass transport limitation thereby can be achieved by increasing the rate of the electrochemical 

reaction from V5+ to V4+. Since no transport limitation can be observed during the charging process, 

the electrolyte flow is investigated during discharging. Figure 4 shows the current density 

distribution during discharge of the test cell with different flow rates and flow directions. 
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Figure 4. Current density distribution during discharge with 100 mA cm−2 and an electrolyte flow rate 

of 2.5 mL min−1 cm−2 (λ ≈ 30) (a) and 0.5 mL min−1 cm−2 (λ ≈ 6.5) (b) with a bottom inlet configuration. 

The electrolyte inlet was reversed to a top fed cell at 0.5 mL min−1 cm−2 (λ ≈ 6.5) (c). The printed circuit 

board was installed at the cathode. 

During discharge of the battery with 100 mA cm−2 at an electrolyte flow rate of 2.5 mL min−1 cm−2, 

the current density distribution depicted in Figure 5a is very uniform for the entire electrode area. By 

reducing the electrolyte flow rate to 0.5 mL min−1 cm−2, the stoichiometric factor was decreased from 

approximately λ ≈ 30 (a) to λ ≈ 6.5 (b) and (c) to a level which induced a significant concentration 

change resulting in the limitation of mass transport. From the electrolyte inlet to the electrolyte outlet, 

the diagram in Figure 4b presents deviations larger than 20% of the average current density with a 

continuous slope. The gradient of the current density distribution mainly follows the concentration 

gradient of the electrolyte and, thus, roughly indicates the electrolyte flow. To prove this correlation, 

Figure 4c shows the current density distribution under the same operating conditions from discharge 

with 100 mA cm−2 and an electrolyte flow rate of 0.5 mL min−1 cm−2, but with reversed electrolyte flow 

for both half-cells from the now top inlet to the bottom. The current density distribution flipped in 

the same way as the electrolyte flow, and the result itself presents the same behavior. The high current 

densities are located at the electrolyte inlet region of the electrode, and the current density uniformly 
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decreases towards the outlet. This supports the conclusion that in this measurement setup the current 

density distribution correlates with the concentration gradient and visualizes the electrolyte flow.  

In experiments under normal operating conditions with high λ the current density distribution 

is dominated by the ohmic resistances of the test cell. When measuring with higher electrolyte 

conversion the redox flow battery reaches the mass transport limited region, and the current density 

distribution follows the concentration gradient of the electrolyte. As a result, the current density 

distribution visualizes the electrolyte flow. Nevertheless, positive or negative deviations at certain 

points which do not match with the gradient of the current density distribution are presumably 

caused by the electrode properties. The level of deviation induced by ohmic resistance mainly 

depends on the charge or discharge current. If two experiments are performed in the same test cell 

with the same discharge current but different electrolyte flow rate, the ohmic resistance part of the 

current density distribution—connected to the discharge current—should be same for both tests. 

Hence, the ohmic resistance part of the current density distribution (the measured current density 

per segment) can be subtracted to obtain the current density distribution, mirrored by the mass 

transport limitation of the electrolyte flow. Figure 5 shows the current density distribution for which 

only the mass transport limitation was considered. 

 

Figure 5. Current density distribution during discharge with 100 mA cm−2 and an electrolyte flow rate 

of 0.5 mL min−1 cm−2 (λ ≈ 6.5). Electrolyte flow was from the bottom to the top and the ohmic resistance 

induced current density distribution from Figure 4a was subtracted as an offset. 

The current density distribution diagram in Figure 5 shows the difference between the values in 

Figures 4a and 4b. The resulting diagram of the deviations also shows a gradient from the electrolyte 

inlet to the electrolyte outlet. Since the ohmic resistance part of the current density distribution is 

regarded as an offset for the mass transport dominated operation of the test cell, the current density 

distribution does not feature deviations at certain points. The current density distribution in the test 

cell results in a relatively smooth slope of the current density gradient. The gradient is evenly 

distributed over the entire electrode area. The current density distribution during battery operation 

dominated by mass transport limitation mirrors the electrolyte flow, and proves that the test cell flow 

frame supplies the porous electrode area as desired and without critical hotspots occurring with a 

local undersupply. 

The accuracy of a locally-resolved measurement method is essential for the interpretation and 

further use of the experimental results. A complete segmentation of the investigated half-cell is not 

feasible since the electrolyte solution supports the ionic conduction inside the electrode segments 

even when the porous electrode would be segmented. In preliminary studies, the graphite felt was 
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segmented to avoid smearing of the current. The segmentation was achieved by separating graphite 

felt by an insulating woven filter medium with properties such as porosity and specific weight similar 

to the GFA5 electrode. The experiments indicated that even small modifications of the porous 

electrode affect the current density distribution compared to the original configuration. For this 

reason, it was important not to modify the test cell except for the segmented electrode on the printed 

circuit board. 

The machine-made printed circuit board electrode offers a higher accuracy (around ±2% of the 

measurement setup) than hand-built hard-wired segmented electrodes. Small deviations in the 

current density distribution in the accuracy range of the printed circuit board can be measured in the 

test cell. The sensitivity of the measurement setup is tested by investigations of the test cell at 

operating conditions where only a very small inhomogeneity of the current density distribution 

occurs. While charging the test cell with 25 mA cm−2 at an electrolyte flow rate of 2.5 mL min−1 cm−2 

there is only a small change in the electrolyte concentration gradient, and the current density 

distribution is a result of different effects. Due to the high λ > 100 at this operation point there is no 

mass transport limitation, and the current density distribution is mainly dominated by ohmic 

resistances and activation losses. For two experiments at the same flow rate and the same charging 

current, the electrolyte flow structure in the test cell is varied. By comparing the resulting current 

density distribution, the accuracy of the measurement setup is demonstrated. The mapping presented 

in Figure 6 shows the differences in the current density distributions of the test cell at a modified 

electrolyte inlet. 

 

Figure 6. Current density distribution as a result of electrolyte inlet modification (a). Test conditions 

were charging with 25 mA cm−2 and an electrolyte flow rate of 2.5 mL min−1 cm−2 (λ > 100), and the 

printed circuit board was installed at the cathode. To vary the electrolyte inlet, the structure (below) 

in the flow frame was partially blocked (b). This diagram shows the differences of the values for an 

open electrolyte inlet structure and a partially blocked inlet. 

In the first measurement the test cell was cycled in standard configuration. For the second 

measurement, the electrolyte inlet structure was partially blocked as shown in Figure 6b. Under the 

same operating conditions, with an electrolyte flow rate of 2.5 mL min−1 cm−2 and 25 mA cm−2, the 

electrolyte inlet was varied from completely open to only a quarter on the left of the flow frame. Due 

to the low electrolyte conversion (at SOC 50%, λ > 100) the current density distribution for both 

experiments show similar results. Mass transport limitation did not cause any gradients in the current 

density distribution. When the two experiments are compared, it can be seen that the blocked 
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electrolyte flow results in relative changes in the current density distribution. The deviations in the 

current density distribution are plotted in Figure 6a. Starting from the left side of the electrolyte inlet, 

the deviation forms a circular gradient and thus again seems to mirror the electrolyte flow in the 

porous electrode. Only the differences between both experiments are mapped.  

For all-vanadium redox flow batteries, two coupled redox reactions are applied for storing 

energy: 

anode: V3+ + e− = V2+ (3) 

cathode: VO2+ + H2O = VO2+ + 2H+ + e− (4) 

Before the first charging of the battery, or after mixing both electrolyte solutions for regeneration, 

both electrolytes consist of an equilibrium of V3+ and V4+. To get from this theoretical SOC of −50% to 

the normal charge and discharge mode, the electrolyte solutions must be pre-charged. This initial 

step is often referred to as initialization. During initialization, at the positive electrode the V3+ is 

converted to V4+ and at the negative electrode V4+ is converted to V3+. Roznyatovskaya et al. describe 

how the electrochemical reaction from V3+ to V4+ in the cathode half-cell reaction during initialization 

is not a straightforward reaction and proceeds via a more complicated reaction path [40]. If during 

initialization the reaction would follow the direct path from V3+ to V4+, the current density distribution 

of the test cell would be expected to be similar to the regular charging. Figure 7 presents the current 

density distribution of the positive electrode during galvanostatic initialization with 25 mA cm−2. 

 

Figure 7. Current density distribution of the positive electrode at initial charging of the battery with 

25 mA cm−2 and an electrolyte flow rate of 2.5 mL min−1 cm−2 (λ > 100 at start) directly after starting 

around SOC −50% (a), around SOC −25% (b), and at the end of the initialization with SOC 0% (c). 

During initialization, the current density distribution of the positive electrode, where V3+ is 

converted to V4+, varies with the SOC. After the start of charging (25 mA cm−2) at the theoretical SOC 

of −50% the current density distribution is depicted in Figure 7a. At this operation point the current 

density distribution displays a gradient from the electrolyte inlet to the electrolyte outlet of the test 

cell with a constant slope from around −15% to +15% of the average current density. The previously 

shown experiments during charging did not feature any gradients of the current density distribution 
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due to the limitation by the cut-off voltage. A domination of the local current density by mass 

transport limitation would result in a reversed gradient of the current density distribution from the 

electrolyte inlet to the electrolyte outlet. The current density distribution measured in this experiment 

is assumed to confirm the study of Roznyatovskaya et al. Directly after entering the electrode area, 

V3+ very slowly reacts to V4+. Subsequently V4+ oxidizes to V5+. With a longer stay in the half-cell, V5+ 

and V3+ ions comproportionate into two ions of V4+, triggering a self-catalytic reaction. The further 

trend of the current density distribution with proceeding initialization, presented in Figure 7b at SOC 

−25%, follows the reaction kinetics of the formation of V4+ and displays the same direction of the 

gradient but with less intensity. The intensity of the current density distribution gradient decreases 

as the initialization progresses, reaching conditions close to regular charging, as shown in Figure 7c 

at SOC 0%. After this point, the current density distribution is very uniform over the entire electrode 

area. 

3. Experimental 

To achieve an accurate measurement of the local current density, it is important to minimize the 

effects on the battery of structural changes to the configuration. 

Segmented current collector—A printed circuit board with segmented contact areas was 

fabricated. This printed circuit board can be integrated as a bipolar plate/internal current collector in 

a redox flow test stack/cell to measure local current densities. The segmented current collector is 

arranged at the front side of the printed circuit board with 48 single current collector segments. The 

single segments with a size of 8.5 mm by 7.5 mm and 1 mm spacing are placed uniformly in a pattern 

of 8 by 6 on the electrode area of 40 cm2. The fully-segmented electrode allows the current conduction 

only in through-plane direction without lateral spread. The reverse side is designed as a common 

current collector. The front side and the reverse side of the printed circuit board are connected by 

traces. In every trace from the front side segment to the current collector, a shunt resistor is soldered 

onto the printed circuit board at which the voltage drop is measured. Based on the voltage drop at a 

known shunt resistor, the local current density is calculated. The electrolyte solution of all-vanadium 

redox flow batteries consists of semi-concentrated sulfuric acid (~2 M) and vanadium sulfates (~1.5–

1.8 M). The electrolyte solution is very corrosive in the charged state. Clement et al. use a fully-

segmented flow plate to prevent the contact of the printed circuit board and electrolyte solution [16]. 

To minimize both the complexity of the setup and the structural alteration of the characteristic 

components, and to avoid lateral current spread of the measurement equipment, the printed circuit 

board needs to be integrated directly into the redox flow battery. The segmented current collector 

and the common current collector on the reverse side of the printed circuit board in this study were 

coated with a protective carbon ink. The carbon ink consists of graphite as the conductive component 

and a phenol resin as the binder, and can be applied by screen printing. Graphite and phenol resin 

are chemically stable in the electrolyte and are also used in commercial bipolar plates. For the 

presented measurements a conductive coating with a thickness of 20 µm was applied. The chemical 

stability of the printed circuit board was determined in galvanostatic cycle tests.  

Since the local effects in redox flow batteries may appear in a very small range, the accuracy of 

the printed circuit board, including electrodes, traces, and shunt resistors, is of great importance. In 

contrast to hand-built hard-wired fabrication, a segmented electrode on a printed circuit board is 

machine-made. This means that a minimal deviation of the resistances in the trace from the 

segmented electrode to the current collector can be achieved. In addition, the size, the placement, and 

the layer thickness of the electrode segments is very consistent. The printed circuit board used in this 

study has deviations of less than 2% in the ohmic resistance for the 48 segmented channels and 

therefore is suitable for localized investigations of redox flow batteries. 

Measurement setup—Charge and discharge experiments with the 40 cm2 laboratory cell were 

operated with BaSyTec GSM Battery Test System (BaSyTec GmbH, Asselfingen, Germany). Before 

assembling the test cell, the resistances of the individual traces from the shunt resistor to the ground 

reference on the collector electrode were determined by electrochemical impedance spectroscopy 

using a ModuLab 2100A potentiostat (Solartron Analytical, Farnborough, UK). The electrolyte 
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solution was circulated through the system with two adjustable membrane pumps SIMDOS® 10 (KNF 

Neuberger GmbH, Freiburg, Germany). The flow rate can be varied between 0.1 and 100 mL min–1. 

The printed circuit board was connected to a data acquisition system NI USB-6225 (National 

Instruments Germany GmbH, München, Germany) to measure the voltage drop with a resolution of 

15 bit at the analog digital converter. The measured data were read and evaluated by a software based 

on LabVIEW (National Instruments Germany GmbH, München, Germany). 

Cell configuration—The measurement setup consisted of an all-vanadium redox flow 

laboratory test cell in a conventional flow frame design with thick felt electrodes. Compared to 

previous studies a rectangular flow frame with a total area of 40 cm2 and an electrode dimension of 

7.7 by 5.2 cm was used. The battery was assembled with a fumasep® FAP-450 anion-exchange 

membrane (FUMATECH BWT GmbH, Bietigheim-Bissingen, Germany), a double layer graphite felt 

SIGRATHERM® GFA5 (SGL CARBON GmbH, Wiesbaden, Germany), and bipolar plates FU 4369 

(Schunk Kohlenstofftechnik GmbH, Heuchelheim, Germany). The graphite felts were thermally 

pretreated with 400 °C for 1 h and were compressed to 75% of their original thickness in the cell. The 

vanadium electrolyte solution from GfE (Gesellschaft für Elektrometallurgie mbH, Nürnberg, 

Germany) contained 0.8 M VOSO4/0.4 M V2(SO4)3 in 2 M H2SO4 and 0.05 M H3PO4. In order to prevent 

oxidation from the anolyte electrolyte in the air, the reservoir of the V2+/V3+ solution was aerated with 

nitrogen. Figure 8 shows the assembly of the 40 cm2 laboratory single cell with an integrated printed 

circuit board for locally-resolved measurements and a detailed picture of the segmented electrode 

area. The battery was charged with constant current up to 1.6 V and discharged with constant current 

up to 0.8 V. 

 

Figure 8. Experimental setup of the 40 cm² laboratory test cell with integrated segmented electrode 

on the printed circuit board and a detailed picture of the segmented electrode. The test cell 

configuration consists of the end plates (a), the isolation plate (b), the external current collectors (c), 

the bipolar plate (d), the flow frames (e), the separator (f), and the printed circuit board electrode (g). 

Not shown are the porous electrode and the flat sealings.  

Evaluation and visualization of the data—The measurement data—the voltage drop at the 

shunt resistors—were recorded once per second. The local current density was calculated by the 

ohmic law and the specific electrode area per segment. For reliable evaluation of the experiment, the 

presented data were averaged over five seconds. The relevant results were graphically edited and 

then presented in a diagram. In the literature two methods for the graphical evaluation of locally-

resolved distributions have been established: A 3D bar diagram shows the measured current density 

at the respective measuring point, and a 2D contour diagram shows the smoothed data as a 

percentage deviation from the average current density. 
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4. Conclusions 

In this study a novel measuring method with a printed circuit board operating as a segmented 

current collector for 40 cm2 laboratory-scale all-vanadium redox flow batteries was developed. Using 

this analytical tool, locally-resolved current density distribution can be measured in situ during 

battery operation. Knowledge of the current density distribution allows different conclusions to be 

drawn, for example regarding the battery performance or the electrolyte flow distribution in the test 

cell. In contrast to methods described in previously published studies, the use of an adapted coating 

for the printed circuit board does not require any significant modifications of the redox flow battery 

configuration. This advanced design offers a high resolution, and compared to state-of-the-art locally-

resolved measurement methods, increased sensitivity. Monitoring of the current density distribution 

during galvanostatic charging and discharging of the battery demonstrates the dependence on 

different limitation effects. The distribution of the electrolyte solution in the test cell was visualized 

by the correlation of local current density and electrolyte flow. The new printed circuit board method 

reproducibly measured minimal variations in the local current density, even under operating 

conditions with λ > 100. In addition, the initialization process of the all-vanadium redox flow battery 

was investigated, and the complicated reaction path of V3+ oxidation was visualized by current 

density gradients over the electrode surface. 

A significant advantage of the novel segmented printed circuit board electrode is the scalable 

design for the investigation of various flow frame designs up to commercialized sizes and the 

possibility to integrate it into a flow battery stack. Since the current density distribution is affected by 

various interacting influences, the measurement method needs to be supported by other techniques. 

However, this study demonstrates the ability of a locally-resolved current density distribution 

measurement method to improve the redox flow battery technology. 

Author Contributions: Data acquisition and analysis: T.G.; methodology and interpretation: T.G. and P.F.; 

writing—original draft preparation: T.G. and P.F.; writing—review and editing: T.G., P.F., K.P., and J.T.; 

supervision: K.P. and J.T. 

Funding: This research received no external funding. 

Acknowledgements: The authors are grateful to Carolyn Fisher for technical assistance in this study. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Faunce, T.A.; Prest, J.; Su, D.; Hearne, S.J.; Iacopi, F. On-grid batteries for large-scale energy storage: 

Challenges and opportunities for policy and technology. MRS Energy Sustain. 2018, 5, 32, 

doi:10.1557/mre.2018.11. 

2. Weber, A.Z.; Mench, M.M.; Meyers, J.P.; Ross, P.N.; Gostick, J.T.; Liu, Q. Redox flow batteries: A review. J. 

Appl. Electrochem. 2011, 41, 1137–1164, doi:10.1007/s10800-011-0348-2. 

3. Ponce de León, C.; Frías-Ferrer, A.; González-García, J.; Szánto, D.A.; Walsh, F.C. Redox flow cells for 

energy conversion. J. Power Sources 2006, 160, 716–732, doi:10.1016/j.jpowsour.2006.02.095. 

4. Noack, J.; Roznyatovskaya, N.; Herr, T.; Fischer, P. The Chemistry of Redox-Flow Batteries. Angew. Chem. 

Int. Ed. 2015, 54, 9776–9809, doi:10.1002/anie.201410823. 

5. Pan, F.; Wang, Q. Redox Species of Redox Flow Batteries: A Review. Molecules 2015, 20, 20499–20517, 

doi:10.3390/molecules201119711. 

6. Bryans, D.; Amstutz, V.; Girault, H.; Berlouis, L. Characterisation of a 200 kW/400 kWh Vanadium Redox 

Flow Battery. Batteries 2018, 4, 54, doi:10.3390/batteries4040054. 

7. Roe, S.; Menictas, C.; Skyllas-Kazacos, M. A High Energy Density Vanadium Redox Flow Battery with 3 M 

Vanadium Electrolyte. J. Electrochem. Soc. 2015, 163, A5023–A5028, doi:10.1149/2.0041601jes. 

8. Pezeshki, A.M.; Clement, J.T.; Veith, G.M.; Zawodzinski, T.A.; Mench, M.M. High performance electrodes 

in vanadium redox flow batteries through oxygen-enriched thermal activation. J. Power Sources 2015, 294, 

333–338, doi:10.1016/j.jpowsour.2015.05.118. 



Batteries 2019, 5, 38 15 of 16 

9. Reed, D.; Thomsen, E.; Li, B.; Wang, W.; Nie, Z.; Koeppel, B.; Kizewski, J.; Sprenkle, V. Stack Developments 

in a kW Class All Vanadium Mixed Acid Redox Flow Battery at the Pacific Northwest National Laboratory. 

J. Electrochem. Soc. 2015, 163, A5211–A5219, doi:10.1149/2.0281601jes. 

10. Schweiss, R.; Pritzl, A.; Meiser, C. Parasitic Hydrogen Evolution at Different Carbon Fiber Electrodes in 

Vanadium Redox Flow Batteries. J. Electrochem. Soc. 2016, 163, A2089–A2094, doi:10.1149/2.1281609jes. 

11. Shah, A.A.; Al-Fetlawi, H.; Walsh, F.C. Dynamic modelling of hydrogen evolution effects in the all-

vanadium redox flow battery. Electrochim. Acta 2010, 55, 1125–1139, doi:10.1016/j.electacta.2009.10.022. 

12. Noack, J.; Wietschel, L.; Roznyatovskaya, N.; Pinkwart, K.; Tübke, J. Techno-Economic Modeling and 

Analysis of Redox Flow Battery Systems. Energies 2016, 9, 627, doi:10.3390/en9080627. 

13. Wandschneider, F.T.; Finke, D.; Grosjean, S.; Fischer, P.; Pinkwart, K.; Tübke, J.; Nirschl, H. Model of a 

vanadium redox flow battery with an anion exchange membrane and a Larminie-correction. J. Power 

Sources 2014, 272, 436–447, doi:10.1016/j.jpowsour.2014.08.082. 

14. Al-Fetlawi, H.; Shah, A.A.; Walsh, F.C. Non-isothermal modelling of the all-vanadium redox flow battery. 

Electrochim. Acta 2009, 55, 78–89, doi:10.1016/j.electacta.2009.08.009. 

15. Trovò, A.; Marini, G.; Sutto, A.; Alotto, P.; Giomo, M.; Moro, F.; Guarnieri, M. Standby thermal model of a 

vanadium redox flow battery stack with crossover and shunt-currents effects. Appl. Energy 2019, 240, 893–

906, doi:10.1016/j.apenergy.2019.02.067. 

16. Clement, J.T.; Aaron, D.S.; Mench, M.M. In Situ Localized Current Distribution Measurements in All-

Vanadium Redox Flow Batteries. J. Electrochem. Soc. 2015, 163, A5220–A5228, doi:10.1149/2.0241601jes. 

17. Pérez, L.C.; Brandão, L.; Sousa, J.M.; Mendes, A. Segmented polymer electrolyte membrane fuel cells—A 

review. Renew. Sustain. Energy Rev. 2011, 15, 169–185, doi:10.1016/j.rser.2010.08.024. 

18. Wieser, C.; Helmbold, A.; Gülzow, E. A new technique for two-dimensional current distribution 

measurements in electrochemical cells. J. Appl. Electrochem. 2000, 30, 803–807, doi:10.1023/A:1004047412066. 

19. Geske, M.; Heuer, M.; Heideck, G.; Styczynski, Z.A. Current Density Distribution Mapping in PEM Fuel 

Cells as an Instrument for Operational Measurements. Energies 2010, 3, 770–783, doi:10.3390/en3040770. 

20. Noponen, M.; Mennola, T.; Mikkola, M.; Hottinen, T.; Lund, P. Measurement of current distribution in a 

free-breathing PEMFC. J. Power Sources 2002, 106, 304–312, doi:10.1016/S0378-7753(01)01063-1. 

21. Cleghorn, S.J.C.; Derouin, C.R.; Wilson, M.S.; Gottesfeld, S. A printed circuit board approach to measuring 

current distribution in a fuel cell. J. Appl. Electrochem. 1998, 28, 663–672, doi:10.1023/A:1003206513954. 

22. Lin, R.; Sander, H.; Gülzow, E.; Friedrich, A. Investigation of Locally Resolved Current Density Distribution 

of Segmented PEM Fuel Cells to Detect Malfunctions. ECS Trans. 2010, 26, 229–236. 

23. Bhattarai, A.; Wai, N.; Schweiss, R.; Whitehead, A.; Scherer, G.G.; Ghimire, P.C.; Nguyen, T.D.; Hng, H.H. 

Study of flow behavior in all-vanadium redox flow battery using spatially resolved voltage distribution. J. 

Power Sources 2017, 360, 443–452, doi:10.1016/j.jpowsour.2017.06.039. 

24. Hsieh, W.-Y.; Leu, C.-H.; Wu, C.-H.; Chen, Y.-S. Measurement of local current density of all-vanadium 

redox flow batteries. J. Power Sources 2014, 271, 245–251, doi:10.1016/j.jpowsour.2014.06.081. 

25. Ghimire, P.C.; Bhattarai, A.; Schweiss, R.; Scherer, G.G.; Wai, N.; Lim, T.M.; Yan, Q. Investigation of 

Reactant Conversion in the Vanadium Redox Flow Battery Using Spatially Resolved State of Charge 

Mapping. Batteries 2019, 5, 2, doi:10.3390/batteries5010002. 

26. Ghimire, P.C.; Bhattarai, A.; Schweiss, R.; Scherer, G.G.; Wai, N.; Yan, Q. A comprehensive study of 

electrode compression effects in all vanadium redox flow batteries including Locally-resolved 

measurements. Appl. Energy 2018, 230, 974–982, doi:10.1016/j.apenergy.2018.09.049. 

27. Rosli, M.I.; Borman, D.J.; Ingham, D.B.; Ismail, M.S.; Ma, L.; Pourkashanian, M. Transparent PEM Fuel Cells 

for Direct Visualization Experiments. J. Fuel Cell Sci. Technol. 2010, 7, 61015, doi:10.1115/1.4001353. 

28. Mukaide, T.; Mogi, S.; Yamamoto, J.; Morita, A.; Koji, S.; Takada, K.; Uesugi, K.; Kajiwara, K.; Noma, T. In 

situ observation of water distribution and behaviour in a polymer electrolyte fuel cell by synchrotron X-

ray imaging. J. Synchrotron Radiat. 2008, 15, 329–334, doi:10.1107/S0909049508006638. 

29. Geiger, A.B.; Tsukada, A.; Lehmann, E.; Vontobel, P.; Wokaun, A.; Scherer, G.G. In Situ Investigation of 

Two-Phase Flow Patterns in Flow Fields of PEFC’s Using Neutron Radiography. Fuel Cells 2002, 2, 92–98, 

doi:10.1002/fuce.200290007. 

30. Satija, R.; Jacobson, D.L.; Arif, M.; Werner, S.A. In situ neutron imaging technique for evaluation of water 

management systems in operating PEM fuel cells. J. Power Sources 2004, 129, 238–245, 

doi:10.1016/j.jpowsour.2003.11.068. 



Batteries 2019, 5, 38 16 of 16 

31. Kramer, D.; Zhang, J.; Shimoi, R.; Lehmann, E.; Wokaun, A.; Shinohara, K.; Scherer, G.G. In situ diagnostic 

of two-phase flow phenomena in polymer electrolyte fuel cells by neutron imaging. Electrochim. Acta 2005, 

50, 2603–2614, doi:10.1016/j.electacta.2004.11.005. 

32. Pekula, N.; Heller, K.; Chuang, P.A.; Turhan, A.; Mench, M.M.; Brenizer, J.S.; Ünlü, K. Study of water 

distribution and transport in a polymer electrolyte fuel cell using neutron imaging. Nucl. Instrum. Methods 

Phys. Res. Sect. A 2005, 542, 134–141, doi:10.1016/j.nima.2005.01.090. 

33. Spernjak, D.; Advani, S.G.; Prasad, A.K. Simultaneous Neutron and Optical Imaging in PEM Fuel Cells. J. 

Electrochem. Soc. 2009, 156, B109–B117, doi:10.1149/1.3009585. 

34. Yang, X.G.; Zhang, F.Y.; Lubawy, A.L.; Wang, C.Y. Visualization of Liquid Water Transport in a PEFC. 

Electrochem. Solid-State Lett. 2004, 7, A408–A411, doi:10.1149/1.1803051. 

35. Tanaka, H.; Miyafuji, Y.; Fukushima, J.; Tayama, T.; Sugita, T.; Takezawa, M.; Muta, T. Visualization of 

flow patterns in a cell of redox flow battery by infrared thermography. J. Energy Storage 2018, 19, 67–72, 

doi:10.1016/j.est.2018.07.009. 

36. Lee, C.-Y.; Hsieh, C.-L.; Chen, C.-H.; Huang, Y.-P.; Jiang, C.-A.; Wu, P.-C. A Flexible 5-In-1 Microsensor for 

Internal Microscopic Diagnosis of Vanadium Redox Flow Battery Charging Process. Sensors 2019, 19, 1030, 

doi:10.3390/s19051030. 

37. Maggiolo, D.; Zanini, F.; Picano, F.; Trovò, A.; Carmignato, S.; Guarnieri, M. Particle based method and X-

ray computed tomography for pore-scale flow characterization in VRFB electrodes. Energy Storage Mater. 

2019, 16, 91–96, doi:10.1016/j.ensm.2018.04.021. 

38. Guarnieri, M.; Trovò, A.; D’Anzi, A.; Alotto, P. Developing vanadium redox flow technology on a 9-kW 

26-kWh industrial scale test facility: Design review and early experiments. Appl. Energy 2018, 230, 1425–

1434, doi:10.1016/j.apenergy.2018.09.021. 

39. Wang, Q.; Qu, Z.G.; Jiang, Z.Y.; Yang, W.W. Experimental study on the performance of a vanadium redox 

flow battery with non-uniform compressed carbon felt. Appl. Energy 2018, 213, 293–305, 

doi:10.1016/j.apenergy.2018.01.047. 

40. Roznyatovskaya, N.; Noack, J.; Fühl, M.; Pinkwart, K.; Tübke, J. Towards an all-vanadium redox-flow 

battery electrolyte: Electrooxidation of V(III) in V(IV)/V(III) redox couple. Electrochim. Acta 2016, 211, 926–

932, doi:10.1016/j.electacta.2016.06.073. 

 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


