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Abstract  

The performance of graphite electrodes in vanadium redox flow batteries (VRFB) is 

significantly limited by the sluggish kinetics of the V2+/V3+-reaction at the anode. It is 

still unclear which surface property most effectively improves the kinetics, although a 

central role is ascribed to oxygen functionalities. Furthermore, the anode kinetics are 

found to continuously deteriorate during operation, a degradation effect that has been 

frequently described in the literature, but for which no conclusive explanation has yet 

been provided.  

The first part of this thesis rigorously studies how a combination of plasma and 

thermal treatment modifies the surface properties of graphite felt electrodes and, thus, 

how it improves their performance in VRFB single-cells. Surprisingly, oxygen 

functionalities are shown to be not primarily responsible for the improved performance, 

contrary to what is commonly assumed in the literature. Instead, decisive for the 

phenomenon are a high surface roughness and surface area and, accordingly, the number 

of carbon edge sites. In addition, electrodes with high roughness and area also show less 

degradation of the electrode kinetics in long-term operation.  

The second part of this thesis proposes a new mechanism, providing an explanation 

for the anode kinetics degradation. In three-electrode half-cells, graphitic rotating disk 

electrodes are investigated for their electrochemical response in a sulfuric acid electrolyte 

containing different amounts of V2+, V3+, and VO2+. It is shown that in the presence of 

V2+ the kinetics for the V2+/V3+-reaction decreases at cathodic potentials, while it 

regenerates at anodic potentials. Moreover, even low concentrations of V2+ are sufficient 

to inhibit the hydrogen evolution reaction (HER) that is typically strongly pronounced in 

a vanadium-free electrolyte. According to the new mechanism, V2+ is proposed to adsorb 

on the electrode surface, forming an equilibrium coverage and inhibiting the V2+/V3+-

reaction as well as the HER. Correspondingly, a new operation strategy for VRFB full 

cells demonstrates that the degraded anode kinetics are completely regenerated upon 

reversing the electrode polarity, which increases the average electrode performance in 

long-term VRFB operation.
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Kurzzusammenfassung 

Die Leistung von Graphitelektroden in Vanadium-Redox-Flow-Batterien (VRFB) 

wird maßgeblich beschränkt durch die träge Kinetik der V2+/V3+-Reaktion an der Anode. 

Dabei ist noch unklar, welche Oberflächeneigenschaft die Kinetik am effektivsten 

verbessert, wobei den Sauerstofffunktionalitäten eine zentrale Rolle zugesprochen wird. 

Darüber hinaus zeigt sich, dass sich die Anodenkinetik während des Betriebs 

kontinuierlich verschlechtert, ein Degradationseffekt, der in der Literatur zwar mehrfach 

beschrieben wurde, für den aber noch keine schlüssige Erklärung geliefert werden konnte.  

Im ersten Teil dieser Arbeit wird eingehend untersucht, wie eine Kombination aus 

Plasma- und Wärmebehandlung die Oberflächeneigenschaften von Graphitfilzelektroden 

verändert und damit ihre Leistung in VRFB-Vollzellen verbessert. Überraschenderweise 

sind für die verbesserte Leistung primär nicht die Sauerstofffunktionalitäten 

verantwortlich, entgegen der häufigen Annahme in der Literatur. Stattdessen 

ausschlaggebend ist eine hohe Oberflächenrauheit und Oberfläche und damit 

einhergehend die Anzahl an Kohlenstoffrandstellen. Darüber hinaus ist bei Elektroden 

mit hoher Rauheit und Fläche auch die Degradation der Kinetik weniger stark ausgeprägt. 

Im zweiten Teil dieser Arbeit wird ein neuer Mechanismus vorgeschlagen, der eine 

Erklärung für die Degradation der Anodenkinetik bietet. In Drei-Elektroden-Halbzellen 

werden graphitische Rotierende-Scheibenelektroden auf ihr elektrochemisches Verhalten 

in einem Schwefelsäureelektrolyten untersucht, der unterschiedliche Mengen von V2+, 

V3+ und VO2+ enthält. In Gegenwart von V2+ nimmt demnach die Elektrodenkinetik für 

die V2+/V3+-Reaktion bei kathodischen Potentialen ab, während sie bei anodischen 

Potentialen regeneriert werden kann. Darüber hinaus hemmen schon niedrige V2+-

Konzentrationen die Wasserstoffentwicklungsreaktion (HER), welche in einem 

vanadiumfreien Elektrolyten typischerweise stark ausgeprägt ist. Entsprechend dem 

neuen Mechanismus adsorbiert V2+ an der Elektrodenoberfläche, bildet dabei eine 

Gleichgewichtsbedeckung aus und hemmt die V2+/V3+-Reaktion sowie die HER. Daraus 

abgeleitet zeigt eine neue Betriebsstrategie für VRFB-Vollzellen, dass die degradierte 

Elektrodenkinetik im Zuge einer Umkehrung der Elektrodenpolarität vollständig 

regeneriert wird, was die durchschnittliche Elektrodenleistung im langfristigen 

Batteriebetrieb erhöht. 
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1. Introduction 

The observed global warming already leads to significant socio-economic costs, 

which are predicted to intensify with every rise in average temperature in the future.[1] 

The temperature rise scales with the atmosphere’s carbon dioxide (CO2) content, which 

continuously increases due to the wide use of fossil fuels in all energy sectors,[2,3,4] 

eventually rendering parts of the globe uninhabitable.[5] Consequently, leading economies 

around the world commit to abandoning technologies that rely on fossil fuels in order to 

reduce carbon dioxide emissions. Instead, they aim at deploying more renewable energy 

sources such as wind and solar power, especially for generating electricity. Accordingly, 

fossil-fueled power plants commonly fired by coal or gas are substituted by CO2-neutral 

wind power stations and photovoltaics.[6] These renewable systems convert the energy 

instantaneously, meaning their power output requires that wind and sunlight are, in fact, 

available when needed. However, the volatility of such sources can lead to a temporal 

mismatch in energy demand and supply.[7,8] Stationary electrical energy storage systems 

can bridge this gap in the time domain, offering to harvest excessive energy and to store 

it until needed.[9,10] 

For this purpose, all-vanadium redox flow batteries (VRFB)  meet the requirements 

of being reliable in use, flexible in size, and efficient in energy and cost,[11,12] and have 

already been demonstrated in the power and capacity size class of MW and MWh.[13] As 

energy carriers and reactive species, they employ vanadium at different valencies, 

dissolved in aqueous sulphuric acid. During charge and discharge, the vanadium ions 

change between four valence states V(II)/V(III) and V(IV)/V(V), storing and releasing 

electrochemical energy. These reactions occur in the conversion unit, which consists of a 

serial multi-cell assembly called the stack. According to model calculations, the stack 

holds a share of about 30% of the total system capital costs, while the vanadium 

electrolyte is responsible for another 40% of the investment.[14] The system costs can be 

lowered by achieving a higher stack power per active area. The resulting decrease in 

required stack size for a given amount of power would be a direct materials cost 

saving.[14,15,16] Another substantial leverage to lower the operational cost is high voltage 

efficiency, which is reached if the voltage losses during charging and discharging are kept 

small. Moreover, a reduced loss in charging voltage allows for harvesting more of the 
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electrolyte’s specific energy capacity and, therefore, reduces the required amount of 

vanadium electrolyte.[17] 

A higher areal stack power density, a higher voltage efficiency, and a smaller charging 

voltage loss – all the three cost reduction strategies can be realized by decreasing the 

stack’s total electric resistance, which is composed of the three characteristic partial 

resistances for ohmic conduction (RΩ), reactive charge transfer (Rct), and diffusional mass 

transfer (Rc). The three resistances are of the same order of magnitude and depend on the 

battery design, operation, and material. However, the Rct term is especially dominated by 

the V2+/V3+-reaction on the graphite electrode surface, which at the same time is most 

poorly understood.[18,15,16] 

The reason for this lack of understanding of Rct is the interplay of several different 

electrode properties: Decisive for Rct
 is the electrochemically active surface area (ECSA) 

determined by electrode wettability and electrode roughness.[17,19] Also, surface groups, 

such as carbon edge sites[20,21,22] and oxygen functionalities,[23,24] are attributed to an 

enhanced catalytic activity for the V2+/V3+-reaction lowering the Rct. However, none of 

the properties have been studied separately, so it is still difficult to assign a surface 

property with its effectiveness for electrode performance. The situation is even more 

complex as the V2+/V3+-electrode kinetics degrade upon electrode operation, which 

manifests in a continuously rising Rct, while the VO2+/VO2
+-kinetics are not 

affected.[25,26,27] To date, no valid explanation for the V2+/V3+-degradation has been found, 

and its reason is subject of ongoing discussions in the community.  

This thesis studies graphite electrodes in order to identify surface properties that are 

responsible for enhanced electrode kinetics, improving the battery performance. 

Moreover, a new mechanism is proposed which explains the observed anode kinetics 

degradation, involving the adsorption of bivalent V(II) that inhibits the V2+/V3+-reaction. 

The new mechanism is validated with a newly developed test environment for full single- 

cells enabling stable long-term measurements. Operating strategies are demonstrated that 

regenerate the degradation and increase the average long-term electrode performance. 
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2. Vanadium Redox Flow Batteries 

This chapter describes the electrochemical and physical fundamentals of vanadium 

redox flow batteries. Based on these fundamentals, the battery efficiency loss factors are 

described, the reduction of which is a central objective of this work. 

 

2.1.  Functional Principle - From Cell to System 

A VRFB represents an electrochemical energy storage device that can take and release 

electrical energy by temporarily storing it in chemical energy. Based on two redox 

reactions, two pairs of electrochemically active species are oxidized and reduced at 

different electrochemical potentials. As an electrochemically active species, vanadium is 

dissolved in an aqueous sulfuric acid electrolyte. Thereby, vanadium takes on different 

oxidation states V(II), V(III), V(IV), and V(V), primarily represented by V2+, V3+, VO2+, 

and VO2
+. If the battery is fully charged, vanadium is present in the electrolyte only as 

V2+ and VO2
+. Vice versa, if the battery is fully discharged, the electrolyte contains only 

vanadium in the form of V3+ and VO2+. 

Figure 1 shows the schematics of an electrochemical cell comprising two half-cell 

compartments where the half-cell reactions take place according to 

𝑉2+ ↔ 𝑉3+ + 𝑒− at 𝐸00 = −0.26 𝑉 (1) 

and 

𝑉𝑂2
+ + 2𝐻+ + 𝑒−  ↔ 𝑉𝑂2+ + 𝐻2𝑂 at 𝐸00 = +1.00 𝑉 (2) 

Here, E00 represents the standard reduction potential referenced to the standard hydrogen 

electrode potential (SHE). Within the half-cells, the respective redox reactions of the 

vanadium species take place at the anode and cathode electrodes that are carbon 

electrodes in the form of graphite fibers (gray). An ion-exchange membrane separates the 

two half-cells, allowing ionic charge carriers (red) to cross from one to the other 

compartment, balancing the overall charge. In Figure 1, the cell is shown while 

discharging, thus operating as a galvanic cell. Accordingly, in the anodic, i.e., in the 

electrochemically more negative half-cell (left), the oxidation of V2+ (purple) to V3+ 

(green) takes place, following the partial reaction: 
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  𝑉2+ ⇀ 𝑉3+ + 𝑒− (3) 

In the cathodic, i.e., in the electrochemically more positive half-cell, VO2
+ (orange) is 

simultaneously reduced and reacts to form VO2+ (blue), corresponding to the partial 

reaction: 

  𝑉𝑂2
+ + 2𝐻+ + 𝑒−  ⇀ 𝑉𝑂2+ + 𝐻2𝑂 (4) 

During oxidation, V2+ releases an electron e- (yellow) to the anode (gray) (Eq. (3)). The 

electron flows through the load via the external circuit to the cathode, where it reduces 

VO2
+ according to Eq. (4). At the same time, a proton (H+, red) migrates across the 

membrane from the anodic to the cathodic half-cell, thus providing charge balance.  

 

Figure 1: Schematics of a VRFB cell in galvanic operation, i.e., during discharge. The cell consists of two 

half-cells separated by an ion-exchange membrane. In the anodic half-cell (left), V2+ is oxidized to V3+, 

releasing an electron (yellow) to the anode (gray). The electron flows via the external circuit through the 

load and to the cathode (right), reducing VO2
+ to VO2+. Simultaneously, a proton (H+, red) balances the 

charge by migrating across the membrane from the anodic to the cathodic half-cell.  

 

Figure 2 shows the flow schematics of a VRFB, comprising a single cell, anolyte and 

catholyte reservoirs, and the respective pumps needed for electrolyte circulation. Within 

the single cell, the educt species is partly converted into product species, as indicated by 

the color scheme. In Figure 2a, the battery is discharging, i.e., operating in galvanic mode.  
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Figure 2: Flow schematics of a VRFB during discharge comprising the converter unit in the form of a 

single cell as well as the tanks, the pumps, and the external circuit with source or load. Adapted from 

reference.[28] 

 

Figure 3 expands the design from a single cell towards a stack, being the application-

relevant setup of not only one but several cells. Hydraulically, the electrolyte feeds the 

cells of the stack in parallel, leading to the same pressure drop across the stack compared 

to a single cell. Electrically, however, the cells are connected in series, leading to a stack 

voltage being the sum of all cell voltages.  

 

Figure 3: Several single cells electrically connected in series, forming a stack with increased system 

voltage. Adapted from reference.[28] 
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2.2.  Open Circuit Potentials 

If the cell is at open circuit, there is no net current flow across the electrodes, i.e., the 

redox reactions are at equilibrium. In this case, the potential established at the electrodes 

is called the open circuit potential (OCP). The standard equilibrium potentials E00 given 

in Eq. (1) and (2) are defined for standard electrolyte conditions, i.e., for a temperature of 

25°C, a pressure of 1013 mbar, and activities of 1 for protons and the vanadium species. 

Also, the number of educts equals the one of the products. However, generally, the 

equilibrium potentials E0 vary with the electrolyte temperature and with the concentration 

of redox educts and products, which is described by the Nernst equation 

𝐸0 = 𝐸00 +
𝑅𝑇

𝑛𝐹
ln

∏ (𝑎𝑖
|𝜈𝑖|)

ox𝑖

∏ (𝑎𝑖
|𝜈𝑖|)red𝑖

 (5) 

Here, 𝑎𝑖 are the activities of the oxidized and reduced species 𝑖, and 𝜈𝑖 are the 

stoichiometric coefficients according to the respective half-cell redox reactions Eq. (3) 

and Eq. (4). For these reactions the number of transferred electrons 𝑛 = 1. 

Correspondingly, the equilibrium potential at the negative electrode can be expressed 

by  

𝐸an
0 = 𝐸an

00 +
𝑅𝑇

𝐹
ln

𝑎V3+

𝑎V2+
 (6) 

and the equilibrium potential at the positive electrode is  

𝐸cat
0 = 𝐸cat

00 +
𝑅𝑇

𝐹
ln

𝑎VO2
+(𝑎cat,H+)

2

𝑎VO2+
 (7) 

The term (𝑎cat,H+)
2
 comprises the proton activity in the catholyte and accounts for the 

two moles protons H+ evolving in the catholyte upon the oxidation of one mole VO2+ 

corresponding to Eq. (4). 

Generally, the activities 𝑎𝑖 for each species 𝑖 can be expressed by 

𝑎𝑖 = 𝛾𝑖 ⋅
𝑐𝑖

𝑐𝑖,0
 (8) 

Here, 𝑐𝑖,0 is the standard concentration for a given species (usually 1 mol/kgsolvent or 

1 mol/lsolvent). An additional activity coefficient 𝛾𝑖 for each species 𝑖 accounts for the fact 

that each ion is surrounded by counter ions building the solvation shell, shielding the ion 

in the center. For highly dilute ideal solutions, the center ions find not enough counter 
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ions to build a solvation shell and the activities 𝑎𝑖 equal the concentrations 𝑐𝑖 with 𝛾𝑖 =

1. For dilute solutions with concentrations < 10 mM, the activity coefficients 𝛾𝑖 can be 

approximated using the Debye-Hückel limiting law.[29] At higher concentrations 

> 10 mM, applicable for the technical vanadium electrolytes containing vanadium and 

sulfuric acid at concentrations > 1 M, the approximation is no longer valid, and 𝛾𝑖 has to 

be derived from experimental data. As a simplification, the activity coefficients can be 

extracted from the logarithmic terms, combined, and expressed as an additive, yet 

concentration-dependent term Γ: 

𝑅𝑇

𝐹
ln ∏(𝑎𝑖)

𝜈𝑖

𝑖

=
𝑅𝑇

𝐹
ln ∏(𝛾𝑖 ⋅

𝑐𝑖

𝑐𝑖,0
)𝜈𝑖

𝑖

= Γ +
𝑅𝑇

𝐹
ln ∏ (

𝑐𝑖

𝑐𝑖,0
)

𝜈𝑖

𝑖

 (9) 

with  

Γ =
𝑅𝑇

𝐹
ln ∏(𝛾𝑖)

𝜈𝑖

𝑖

 (10) 

Applying Eq. (8)-(10) to Eq. (6) and Eq. (7), the electrode potentials 𝐸an
0  and 𝐸cat

0  are a 

function of the partial concentrations of V2+ and VO2
+:  

𝐸an
0 = 𝐸an

00 + ΓV2+,V3+ +
𝑅𝑇

𝐹
ln

𝑐V3+/𝑐V3+,0 

𝑐V2+/𝑐V2+,0 
 (11) 

and  

𝐸cat
0 = 𝐸cat

00 + ΓVO2+,VO2
+,H+ +

𝑅𝑇

𝐹
ln

𝑐VO2
+/𝑐VO2

+,0[𝑐cat,H+/𝑐cat,H+,0]
2

𝑐VO2+/cVO2+,0
 (12) 

For the case of an electrolyte containing a total vanadium concentration of 𝑐V,tot
0 =

1.6 M (based on 0.8 M V3+ and 0.8 M VO2+) dissolved in 2.0 M aqueous sulfuric acid, the 

concentrations of 𝑐cat,H+ and 𝑐an,H+ calculate as follows: In the as-received state of the 

electrolyte, i.e., before charging, its state-of-charge (SoC) corresponds to an SoC -50% 

by definition. The somewhat unintuitive term SoC -50% derives from the fact that 50% 

of the theoretical energy capacity are needed to charge the electrolyte to an SoC 0%. At 

this SoC -50%, the resulting proton concentration 𝑐H+
𝑆𝑜𝐶−50%

 of the uncharged electrolyte 

is approximately 2.6 M. This number accounts for the first complete dissociation stage of 

2.0 M H2SO4 into 2.0 M H+ and 2.0 M HSO4
+, and the second incomplete dissociation 

stage of HSO4
+ by 30% into 0.6 M H+ and 0.6 M SO4

2-.[30] Initially, the uncharged 

electrolyte corresponds to the oxidation state of V3.5+, meaning it contains equal shares of 

0.8 M V3+ and 0.8 M VO2+, respectively. Until charging to SoC 0%, two protons will 
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evolve in the catholyte per each oxidized V3+ (𝑉3+ + 𝐻2𝑂 → 𝑉𝑂2+ + 2𝐻+ + 𝑒−), and 

two protons will be consumed in the anolyte per reduced VO2+ (𝑉𝑂2+ + 2𝐻+ + 𝑒− →

𝑉3+ + 𝐻2𝑂). At the same time, for each V3+ oxidized in the catholyte, a proton migrates 

from catholyte to anolyte across the membrane for charge balancing. The resulting proton 

concentrations at SoC 0% (i.e., when all V3+ in the catholyte is oxidized to VO2+ and all 

VO2+ in the anolyte is reduced to V3+) calculate to 

𝑐cat,H+
SoC 0% = 2.6 M + 2 ⋅ 0.8 M − 0.8 M = 3.4 M   (13) 

  

𝑐an,H+
SoC 0% = 2.6 M − 2 ⋅ 0.8 M + 0.8 M = 1.8 M   (14) 

  

Upon further charging, for each VO2+ oxidized to VO2
+ in the catholyte, two protons 

evolve. Also, one of those protons migrates across the membrane into the anolyte. 

Consequently, the overall proton concentration in catholyte and anolyte is described by 

𝑐cat,H+ = 𝑐cat,H+
SoC 0% + 𝑆𝑜𝐶 ⋅ 1.6 M = 3.4 M + 𝑆𝑜𝐶 ⋅ 1.6 M (15) 

  

𝑐an,H+ = 𝑐an,H+
SoC 0% + 𝑆𝑜𝐶 ⋅ 1.6 M = 1.8 M + 𝑆𝑜𝐶 ⋅ 1.6 M (16) 

  

The reference proton concentration 𝑐cat,H+,0 in the catholyte is defined for the proton 

concentration at SoC 50%, i.e., 𝑐cat,H+
SoC 50% = 4.2 M. Accordingly, 𝑐an,H+,0 in the anolyte is 

𝑐an,H+
SoC 50% = 2.6 M. 

Moreover, the partial vanadium concentrations and also the SoC are correlated by 

𝑐V2+

𝑐V,tot
= 1 −

𝑐V3+

𝑐V,tot
= 𝑆𝑜𝐶 = 1 −

𝑐VO2+

cV,tot
=

𝑐VO2
+

𝑐V,tot
 (17) 

Here, 𝑐V,tot is the total electrolyte vanadium concentration being 1.6 M. 

Combining Eq. (13)-(17) into Eq. (11)-(12), Figure 4 represents the electrode 

potentials 𝐸an
0  and 𝐸cat

0  for partial concentrations of V2+ and VO2
+ in the range of 0-100%, 

while assuming all activity coefficients 𝛾𝑖 = 1, or ΓV2+,V3+ = ΓVO2+,VO2
+,H+ = 0.  
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Figure 4: Equilibrium electrode potentials 𝐸0,𝑎𝑛 and 𝐸0,𝑐𝑎𝑡  for partial concentrations of V2+ and VO2
+ in 

the range of 0-100%. 

 

2.3.  Open Circuit Voltage 

The cell voltage is described by the difference of the two electrode potentials together 

with the Donnan potential forming across the membrane and owing to the different proton 

concentrations in anolyte and catholyte.[31,29]  

𝑂𝐶𝑉 = 𝐸cat
0 − 𝐸an

0 + 𝐸𝐷𝑜𝑛𝑛𝑎𝑛 (18) 

Thereby, the Donnan potential is determined by  

𝐸𝐷𝑜𝑛𝑛𝑎𝑛 =
𝑅𝑇

𝐹
ln

𝑎𝑐𝑎𝑡,𝐻+

𝑎𝑎𝑛,𝐻+
 (19) 

With Eq. (11), (12), and (19), the OCV is described by 

𝑂𝐶𝑉 = 𝐸cat
00 − 𝐸an

00 + 𝛤V2+,V3+,VO2+,VO2
+,H+

+
𝑅𝑇

𝐹
ln {

𝑐VO2
+ 𝑐VO2

+,0⁄ [𝑐cat,H+/𝑐cat,H+,0]
2

𝑐VO2+ 𝑐VO2+,0⁄
⋅

𝑐V2+ 𝑐V2+,0⁄

𝑐V3+ 𝑐V3+,0⁄

⋅
𝑐cat,H+/𝑐cat,H+,0

𝑐an,H+/𝑐an,H+,0
} 

(20) 
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The reference concentrations 𝑐VO2
+,0, 𝑐VO2+,0, 𝑐V3+,0, and 𝑐V2+,0 all equal 0.8 M and 

vanish. Substituting Eq. (17), (15), and (16) into Eq. (20) delivers an expression of the 

OCV vs. the SoC: 

𝑂𝐶𝑉 = 1.255 V + 𝛤V2+,V3+,VO2+,VO2
+,H+

+ 25.7 
mV

s
ln {[

𝑆𝑜𝐶

1 − 𝑆𝑜𝐶
⋅

(3.4 M + 𝑆𝑜𝐶 ⋅ 1.6 M)

4.2 M
 ]

2

⋅
(3.4 M + 𝑆𝑜𝐶 ⋅ 1.6 M) 4.2 M⁄

(1.8 M + 𝑆𝑜𝐶 ⋅ 1.6 M) 2.6 M⁄
} 

(21) 

In Eq. (21), the activity coefficients 𝛾𝑖 that constitute 𝛤V2+,V3+,VO2+,VO2
+,H+ are a function 

of the concentrations 𝑐𝑖. However, by assuming all 𝛾𝑖 to be constant over the entire SoC 

range, curve fitting based on Eq. (21) revealed that a constant 𝛤V2+,V3+,VO2+,VO2
+,H+ =

0.158 V provides very good agreement with experimental data for the OCV versus SoC 

(using precise coulometric charge counting).[32] Knowledge of the OCV vs. SoC values 

thus offers the ability to assign a measured OCV to a precise SoC value, as sketched in 

Figure 5. 

 

Figure 5: Open-circuit-voltage (OCV) vs. state-of-charge (SoC) for a total vanadium concentration of 1.6 M 

in 2.0 M H2SO4 (aq.) electrolyte at 25°C, calculated from Eq. (21) using 𝛤V2+,V3+,VO2+,VO2
+,H+ = 0.158 𝑉. 

Reproduced with permission from supporting information of reference.[33] 
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2.4. Voltage Loss Factors 

The terminal voltage of the battery deviates from the equilibrium voltage as soon as 

current flows across the closed circuit. In order to ensure the current flow, various 

conduction, charge transfer, and mass transport processes must take place in the cell. 

These processes each result in voltage losses that reduce the dischargeable energy.  

At open circuit, an equilibrium potential forms at the two electrodes (c.f., Section 2.2). 

At the anode, the equilibrium potential results from equal rates of V2+ oxidation to V3+ 

(Eq. (3)) and V3+ reduction to V2+. The same applies to the cathode, where VO2+ and 

VO2
+ get oxidized and reduced, respectively at equal rates (see Eq. (4)). The mutually 

compensating, area-specific current densities of oxidation and reduction at an electrode 

is called exchange current density 𝑖0 and is defined for the anode as[34] 

𝑖0 = 𝑛𝐹𝑘0(𝑐𝑉2+
0 )

𝛼
(𝑐𝑉3+

0 )
1−𝛼

 (22) 

In Eq. (22), 𝑛 is the number of electrons transferred per reaction (𝑛 = 1), 𝐹 is the 

Avogadro constant (96485 C mol-1), 𝑘0 is the standard rate constant of the reaction (cm 

s-1), 𝛼 is the charge-transfer coefficient, and 𝑐𝑉2+
0  and 𝑐𝑉3+

0  are the V2+ and V3+ 

concentrations in the bulk electrolyte (mol L-1). 

2.4.1. Reactive Charge Transfer  

At closed circuit, V2+ oxidizes to V3+ at the anode, and VO2
+ reduces to VO2+ at the 

cathode. Figure 6 (right panel) illustrates this process of charge transfer for the V2+/V3+-

reaction. Correspondingly, V2+ adsorbs at the surface of the graphite fiber electrode (state 

1 to 2), releases an electron there, and transforms into V3+ (state 2 to 3). Subsequently, 

V3+ desorbs from the surface (state 3 to 4). 

The kinetic current (𝑖kin) is generally a function of the kinetic overpotential (𝜂kin), 

which is the difference of the electrode potential under load and the equilibrium potential. 

This relation is commonly described by the Butler-Volmer equation: 

𝑖kin = 𝑖0 (𝑒
𝛼𝐹𝜂kin

𝑅𝑇 − 𝑒
−(1−𝛼)𝐹𝜂kin

𝑅𝑇 ) (23) 

Here, R is the ideal gas constant (8.314 J mol-1 K-1), and T is the electrolyte temperature 

(in K). The left panel of Figure 6 represents the characteristic course of 𝑖kin 𝑣𝑠. 𝜂kin 

according to Eq. (23), with an exchange current density of 𝑖0 = 0.257 mA cm−2, a 

charge-transfer coefficient of 𝛼 = 0.5, and a temperature of 𝑇 = 298.15 K. The 
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equilibrium potential was chosen as 𝐸𝑎𝑛
0 = −0.255 V, which, referring to Figure 4, 

corresponds to equal amounts of V2+ and V3+ present in the electrolyte. 

For small 𝜂 (𝜂 ≈ 0), the exponential terms in Eq. (23) can be approximated by 

exp(𝑥) = 1 + 𝑥, which simplifies Eq. (23) to its linear form: 

𝑖kin = 𝑖0

𝐹𝜂kin

𝑅𝑇
=

𝜂kin

𝑅ct
 (24) 

Rct is the charge-transfer resistance, a characteristic measure for the kinetics of the 

electrode. 

     

Figure 6: Potential losses upon charge transfer at the electrode surface described by the Butler-Volmer 

equation (left panel) with an exchange current density of 𝑖0 = 0.257 mA cm−2 (corresponding to 𝑅ct =

100 Ω cm2), a charge-transfer coefficient of 𝛼 = 0.5, and a temperature of 𝑇 = 298.15 K. Exemplarily 

shown in the right panel is the situation on the surface of the anode graphite fibers employing the 

catalytically active surface area for the V2+/V3+-reaction.  

 

2.4.2. Diffusive Mass Transport  

When a current is being drawn, the reactant is continuously consumed at the surface 

of the electrode, so the reactant concentration on the electrode surface is lower than in the 

bulk electrolyte, while the product concentration is higher than that in the bulk. In case of 

the V2+/V3+ anode, this means that the surface concentrations of V2+ and V3+ (𝑐𝑉2+
𝑠  and 

𝑐𝑉3+
𝑠 ) differ from their bulk concentrations (𝑐𝑉2+

0  and 𝑐𝑉3+
0 ). The Butler-Volmer equation 

accounts for this situation by its extended form: 
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𝑖 = 𝑖0 (
𝑐𝑉2+

𝑠

𝑐𝑉2+
0 𝑒

𝛼𝐹𝜂
𝑅𝑇 −

𝑐𝑉3+
𝑠

𝑐𝑉3+
0 𝑒

−(1−𝛼)𝐹𝜂
𝑅𝑇 ) (25) 

Considering the V2+/V3+ anode during discharge (i.e., 𝜂 = 𝐸an − 𝐸an
0 > 0), the 

reactant concentration at the surface will decrease so that 𝑐𝑉2+
𝑠 < 𝑐𝑉2+

0 . This situation is 

shown in the right panel of Figure 7. The reactant depletes at the surface, and a 

concentration gradient is formed from bulk electrolyte to the surface, which extends 

across the Nernst diffusion layer with a thickness 𝛿𝑁. To compensate for the reactant 

depletion at the surface, reactant from the bulk electrolyte must pass across the thickness 

of the Nernst layer via diffusive mass transport, which imposes additional concentration 

overpotential losses (𝜂𝑐) that can be estimated as follows. For 𝜂 ≫ 0, the influence of the 

negative exponential term in Eq. (23) can be neglected, yielding  

𝑖 ≅ 𝑖+ = 𝑖0

𝑐
𝑉2+
𝑠

𝑐
𝑉2+
0

𝑒
𝛼𝐹𝜂
𝑅𝑇  (26) 

An expression for 𝑐
𝑉2+
𝑠 𝑐

𝑉2+
0⁄  is obtained by considering the concentrations that occur at 

the electrode surface during continuous mass transport. According to Fick's first law, the 

following applies to the mass flow reaching the surface via diffusion in a one-dimensional 

case (e.g., large planar electrodes separated by a short distance) 

𝑖 = 𝑛𝐹𝐷 (
𝜕𝑐

𝜕𝑥
)

𝑥=0
= 𝐹𝐷

𝑐𝑉2+
0 − 𝑐𝑉2+

𝑠

𝛿𝑁
 (27) 

Here, 𝐷 is the diffusion coefficient of V2+ and transport by migration is neglected. In the 

mass transport limited case, the V2+ concentration at the electrode surface becomes zero, 

i.e., 𝑐𝑉2+
𝑠 = 0, so that the diffusion-limited current 𝑖𝑙𝑖𝑚 can be described by 

𝑖lim = 𝐹𝐷 (
𝑐

𝑉2+
0

𝛿N
) (28) 

Dividing Eq. (27) by (28) gives  

𝑖

𝑖𝑙𝑖𝑚
= 1 −

𝑐
𝑉2+
𝑠

𝑐
𝑉2+
0

 (29) 

Moreover, approximating Eq. (23) for 𝜂 ≫ 0 delivers 

𝑖kin ≅ 𝑖kin
+ = 𝑖0𝑒

𝛼𝐹𝜂kin
𝑅𝑇  (30) 

Dividing Eq. (26) by Eq. (30) and combining with Eq. (29) leads to 
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𝑖

𝑖kin
=

𝑐
𝑉2+
𝑠

𝑐
𝑉2+
0

= 1 −
𝑖

𝑖lim
 (31) 

In practice, the current 𝑖 is measured, so resolving Eq. (31) can yield 𝑖kin, which is 

also known from the Koutecky-Levich compensation.[35] However, here, we derive an 

expression for the measured, Koutecky-Levich uncompensated current 

𝑖 =
𝑖kin ⋅ 𝑖lim

𝑖kin + 𝑖lim
 

 

(32) 

The diffusive mass transport limits the kinetic current according to Eq. (32) and 

contributes to the effective electrode potential. Solving Eq. (26) for 𝜂 yields 

𝜂 =
𝑅𝑇

𝛼𝐹
[ln (

𝑖

𝑖0
) − ln (

𝑐
𝑉2+
𝑠

𝑐
𝑉2+
0

)]  (33) 

With interpreting Eq. (33) as 𝜂 = 𝜂kin + 𝜂c and substituting Eq. (29), the concentration 

overpotential (𝜂𝑐) is 

𝜂c = −
𝑅𝑇

𝛼𝐹
ln (1 −

𝑖

𝑖lim
) (34) 

For illustration, the left panel of Figure 7 draws the current 𝑖 from Eq. (32) vs. 𝜂c from 

Eq. (34). The limiting current was chosen as 𝑖lim = 40 mA cm−2.  

 

Figure 7: Koutecky-Levich uncompensated current 𝑖 from Eq. (32) vs. concentration overpotential losses 

𝜂c from Eq. (34) using a limiting current of 𝑖lim = 40 mA cm−2, an equilibrium potential of 𝐸𝑎𝑛
0 =

−0.255 V, a charge-transfer coefficient of 𝛼 = 0.5, and a temperature of 𝑇 = 298.15 K (left panel). The 
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right panel shows the situation of a constant rate of reaction. V2+/V3+-reactants transfer by diffusive mass 

transport across the Nernstian diffusion layer with thickness δN from the bulk electrolyte to the graphite 

fiber electrode surface. Under electrolyte flux due to forced convection, a constant diffusion layer thickness 

formed, which depends on the reaction rate and on the educt concentration on the electrode surface. 

 

2.4.3. Ohmic Resistances  

Electronically conductive components in serial contact provide the current flow of the 

electrons released and received by the redox reactants. When discharging, the electrons 

start from an oxidation site on the anode fiber surface and flow through the fiber into the 

bipolar plates, the current collectors, and the external circuit. They then re-enter the 

battery and flow through the same components on the cathode side in reverse order to 

finally reach a reduction site. To counteract this directional flow of electrons and ensure 

electroneutrality, ions, in turn, migrate across the anion or cation exchange membrane. In 

the right panel of Figure 8, protons migrate across the here shown cation exchange 

membrane. It may be noted that the direction depends on whether an anion or a cation 

exchange membrane is used. The electronic as well as the ionic transport is subject to 

area-specific conduction resistances 𝑅el and 𝑅ion, which add up according to their serial 

connection and, for a current density 𝑖, lead to the ohmic potential drop 𝜂Ω: 

𝜂𝛺 = 𝑖 ⋅ 𝑅Ω = 𝑖 ⋅ (𝑅el + 𝑅ion) (35) 

The left panel of Figure 8 demonstrates the linear character of the resulting potential 

losses according to the electronic and ionic conduction resistances, which are assumed by 

𝑅Ω = 2 Ω cm2. 
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Figure 8: Potential losses caused by ohmic electronic and ionic conduction resistances (assumed to be 

𝑅Ω = 2 Ω cm2) at an anode equilibrium potential of 𝐸𝑎𝑛
0 = −0.255 V. The right panel shows the situation 

during discharging, when the electrons (yellow) flow from the anode through the external load to the 

cathode side of the battery. On their way, the electrons face a serial connection of conducting components 

such as the graphite electrode fibers, the bipolar plates, the current collectors, and the outer wiring. At the 

same time, ions such as H+ (red) migrate through the electrolyte and across the membrane from the anode 

to the cathode side, balancing the charge brought about by the transferred electrons and ensuring 

electroneutrality. The ionic and electronic conduction resistances lead to ohmic potential losses. 

 

2.4.4. Voltage Loss Factors Combined 

 Figure 9 summarizes the three characteristic voltage loss terms illustrated for the 

V2+/V3+ electrode, namely ohmic losses, charge transfer overpotentials, and concentration 

overpotentials. The plot shows 1) the Koutecky-Levich-uncompensated current 𝑖 

(Eq. (32)) vs. the ohmic overpotential 𝜂Ω (Eq. (35)) (blue curve), 2) the kinetic current 𝑖kin 

vs. the kinetic (Eq. (23)) plus the ohmic (Eq. (35)) overpotential 𝜂kin + 𝜂Ω (green curve), 

and 3) the Koutecky-Levich-uncompensated current 𝑖 (Eq. (32)) vs. the kinetic (Eq. (23)) 

plus the ohmic (Eq. (35)) plus the concentration (Eq. (34)) overpotential 𝜂kin + 𝜂Ω + 𝜂c 

(red curve). 

As can be seen, the Koutecky-Levich-uncompensated current 𝑖 (resulting from the 

kinetic and the limiting current) combined with the characteristic overpotentials leads to 

the typical sigmoidal wave-form of current vs. potential. This waveform can be measured 

at rotating disk electrodes under controlled electrolyte conditions, such as a defined 
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temperature and mass transport towards the electrode. This measurement technique was 

central to the results of this thesis and is described in detail in Section 3.2.  

 

Figure 9: Modelled current vs. electrode potential representing the combined characteristic loss factors in 

a cumulative manner: 1) ohmic potential losses 𝜂Ω (blue curve) (resulting from 𝑅Ω = 2 Ω cm2), 2) charge-

transfer potential losses 𝜂kin (green curve) (resulting from an exchange current density of 𝑖0 =

0.257 mA cm−2 corresponding to 𝑅ct = 100 Ω cm2), and 3) concentration potential losses 𝜂c (red curve) 

with a limiting current of 𝑖lim = 40 mA cm−2. For the calculations, a charge-transfer coefficient of 𝛼 =

0.5, a temperature of 𝑇 = 298.15 K, and an anode equilibrium potential of 𝐸𝑎𝑛
0 = −0.255 V was used. Note 

that the red curve represents the course of the current 𝑖 vs. the sum of the potential losses 𝜂Ω + 𝜂ct + 𝜂c. 

 

2.5. Current vs. Potential Relationships at 50% SoC  

Figure 10 shows the modeled current-potential curves of both VRFB electrodes, 

namely for the V2+/V3+-reaction and the VO2+/VO2
+-reaction. As in the previous 

considerations, the equilibrium potentials 𝐸an
0 = −0.255 V and 𝐸cat

0 = 1.011 V used here 

represent equal V2+ and V3+ concentrations of 0.8 M in the anolyte and VO2+ and VO2
+ 

in the catholyte, referring to an SoC of 50% (c.f., Figure 4). For simplicity, the same 

absolute limiting currents of ±40 mA cm−2 were used. However, the model calculation 

is done with a tenfold higher 𝑖0 for the VO2+/VO2
+-reaction, which is closer to reality and 

causes the anode and cathode curves to differ. Consequently, the extent of the respective 

loss factors contributing to the overpotentials varies for a given current density. For 
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example, the faster VO2+/VO2
+-reaction kinetics result in a lower kinetic overpotential at 

the cathode than at the anode.  

Interestingly, the three loss factors contribute differently to the total overpotential 

depending on the current density. While, according to Eq. (35), the ohmic overpotential 

increases linearly with the current density, the kinetic overpotential as described by 

Eq. (30) increases only logarithmically with the current density according to 

𝜂kin =
𝑅𝑇

𝛼𝐹
ln (

𝑖kin
+

𝑖0

) (36) 

The concentration overpotential, on the other hand, described by Eq. (34), increases 

significantly as the effective current 𝑖 approaches the limiting current 𝑖lim. 

 

Figure 10: Modeled current vs. anode and cathode potential of a VRFB at an SoC of 50%, demonstrating 

the potential difference during charging and discharging, which strongly depends on the current density. 

The charge and discharge potentials at an absolute current density of 5 mA cm−2 are marked by the black 

horizontal arrows. The relevant parameters that were used to construct these curves are 𝑐V2+ = 𝑐V3+ =

𝑐VO2+ = 𝑐VO2
+ = 0.8 M, 𝑅Ω,an = 2 Ω cm2, 𝑅Ω,cat = 2 Ω cm2, 𝑅ct,an = 100 Ω cm2, 𝑅ct,cat = 10 Ω cm2, 

𝑖lim = ±40 mA cm−2, 𝛼 = 0.5, 𝑇 = 298.15 K, 𝐸an
0 = −0.255 V, and 𝐸cat

0 = 1.011 V. 

 

2.6. Current vs. Potential Relationships at 10% SoC  

While the above current-potential curves are shown for an SoC 50%, the SoC of the 

battery has a significant influence on the contributions of the various overpotential terms. 
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During charging and discharging the battery, the electrolyte composition changes 

continuously, especially concerning the reactant concentrations of V2+ and V3+ in the 

anolyte and VO2+ and VO2
+ in the catholyte.  

Assuming an SoC of 10%, the current vs. anode and cathode potentials are displayed 

in Figure 11. At the lower SoC, the exchange current density, according to Eq. (22), 

changes as follows:  

𝑖0|𝑆𝑜𝐶 10% =
(𝑐𝑉2+

𝑆𝑜𝐶 10%)
𝛼

(𝑐𝑉3+
𝑆𝑜𝐶 10%)

1−𝛼

(𝑐𝑉2+
𝑆𝑜𝐶 50%)

𝛼
(𝑐𝑉3+

𝑆𝑜𝐶 50%)
1−𝛼 ⋅ 𝑖0|𝑆𝑜𝐶 50% = 0.6 ⋅ 𝑖0|𝑆𝑜𝐶 50% (37) 

with 𝑐𝑉2+
𝑆𝑜𝐶 50% = 𝑐𝑉3+

𝑆𝑜𝐶 50% = 50% ⋅ 1.6 M = 0.8 M, 𝑐𝑉2+
𝑆𝑜𝐶 10% = 10% ⋅ 1.6 M = 0.32 M, 

𝑐𝑉3+
𝑆𝑜𝐶 10% = 90% ⋅ 1.6 M = 1.44 M, and 𝛼 = 0.5. 

The concentration overvoltage also changes, since the lower reactant concentration 

reduces the limiting current during discharge (𝑖lim,dc) and increases the limiting current 

during charge (𝑖lim,ch). Given by Eq. (28), 𝑖lim changes for the discharge case at SoC 10% 

according to 

𝑖lim,dc|𝑆𝑜𝐶 10% =
𝑐𝑉2+

𝑆𝑜𝐶 10%

𝑐𝑉2+
𝑆𝑜𝐶 50% ⋅ 𝑖lim|𝑆𝑜𝐶 50% = 0.2 ⋅ 𝑖lim,dc|𝑆𝑜𝐶 50% (38) 

The limiting current in this example would be only 8 mA cm−2 instead of 40 mA cm−2. 

As a result, according to Eq. (34), the concentration overpotential increases from 

𝜂c|𝑆𝑜𝐶 50% = 7 mV to 𝜂c|𝑆𝑜𝐶 10% = 50 mV for a discharge current (𝑖dc) of 5 mA cm−2.  

At the same time, the equilibrium potentials of the two electrodes approach each other, 

so that the usable cell voltage is also reduced (c.f., Figure 4). 



2.7 Galvanostatic Charge and Discharge Voltage vs. Time 

21 

 

Figure 11: Modeled current vs. anode and cathode potential at an SoC of 10%. The model is based on 

𝑐V2+ = 𝑐VO2
+ = 0.32 M, 𝑐V3+ = 𝑐VO2+ = 1.44 M, 𝑅Ω,an = 2 Ω cm2, 𝑅Ω,cat = 2 Ω cm2, 𝑅ct,an =

100 Ω cm2, 𝑅ct,cat = 10 Ω cm2, 𝑖lim,dc = ±8 mA cm−2, 𝑖lim,ch = ±72 mA cm−2, 𝛼 = 0.5, 𝑇 = 298.15 K, 

𝐸an
0 = −0.199 V, and 𝐸cat

0 = 0.935 V. 

 

2.7. Galvanostatic Charge and Discharge Voltage vs. 

Time 

During galvanostatic charging or discharging, the cell voltage changes constantly. 

Additional processes affect the current-voltage characteristic, but all previous 

considerations qualitatively apply. The cell voltage is the difference of the electrode 

potentials, dominated by the OCV, but also depends on the charge or discharge current 

density. Figure 12 shows experimental data from a charge-discharge cycle of a VRFB 

single cell with 25 cm2 of active geometric electrode area. The electrolyte flow rate (FR) 

was 100 ml min-1, and the electrolyte temperature was 20°C. The cell used an FAP 450 

membrane (i.e., a fluorinated anion exchange membrane), and the magnitude of the 

charge-discharge current density was ±60 mA cm-2. 
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Figure 12: Experimental charge-discharge cycle of a VRFB single cell at a current density of 

±60 mA cm−2 with an active geometric area of 𝐴geo = 25 cm2. Shown are the current density 𝑖 (red line) 

and the cell voltage 𝑈cell (blue line) measured with the single cell together with the OCV (cyan line) 

measured with an OCV-cell. The electrolyte contained a total vanadium concentration of 1.6 M (based on 

0.8 M V3+ and 0.8 M VO2+ in the as-received state, i.e., before charging) dissolved in 2.0 M aqueous sulfuric 

acid, its flow rate through anode and cathode was 100 ml min−1, and the electrolyte temperature was 𝑇 =

20°C. 

 

The course of the cell voltage 𝑈cell over time during galvanostatic charging and 

discharging (with 𝑈cell = 𝑂𝐶𝑉 + 𝜂cell) can be explained as follows: 

First, according to Eq. (21), the OCV increases with the SoC in the charging case and 

decreases in the discharging case. Also, for 𝑆𝑜𝐶 → 0 and 𝑆𝑜𝐶 → 1, 𝜂cell increases due to 

increasing kinetic overpotentials (𝜂kin ∝
𝑖kin

𝑖0
, c.f., Eq. (24)), being a result of the fact that 

the exchange current densities 𝑖0 for both electrode reactions approach zero (c.f., 

Eq. (22)): 

lim
𝑆𝑜𝐶→0,1

𝑖0 = lim
𝑆𝑜𝐶→0,1

[𝑆𝑜𝐶𝛼(1 − 𝑆𝑜𝐶)1−𝛼] = 0 (39) 

Also, the concentration overvoltage 𝜂c increases with a decrease in reactant 

concentration. According to Eq. (34) and Eq. (28), the decreasing 𝑖lim values as the SoC 
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approaches 0 or 1 begin to approach the applied constant current density 𝑖, or 
𝑖

𝑖lim
→ 1, 

which leads to rapidly diverging 𝜂𝑐 values according to 

lim
𝑖

𝑖lim
 → 1

𝜂𝑐 = lim
𝑖

𝑖lim
 → 1

[−
𝑅𝑇

𝛼𝐹
ln (1 −

𝑖

𝑖lim
)] = ∞ (40) 

While a higher flow rate would result in smaller concentration overpotentials due to 

improved convection (and thereby a decreased diffusion layer thickness 𝛿N and increased 

𝑖lim, c.f., Eq. (28)), it would also lead to higher pumping losses.[36] 

Interestingly, even the membrane resistance is dependent on the concentration of the 

different reactants. For anion exchange membranes such as the FAP 450, it can be 

observed that for specific electrolyte compositions or SoC, the ionic resistance of the 

membrane increases. This increase is particularly pronounced for discharging the battery 

at an SoC between 50-90%. In Figure 12, between hours 5-7, the discharge voltage is 

much lower than expected. Depending on the electrolyte pH, this observation can be 

explained by considering that VO2
+ in the catholyte forms ionic complexes with sulfate 

anions that are negatively charged overall, such as (𝑉𝑂2
+ ⋅ 𝑆𝑂4

2−)−.[37] Upon discharge, 

these negative ions are suggested to adsorb on the surface or in the conduction channels 

of the membrane thereby limiting its conductivity. This phenomenon is known in the 

literature as the "power-drop effect" and is the subject of current research.[38,39] 

Accordingly, the resistance of cation exchange membranes also depends on the size and 

direction of the current density. Again, increased resistance can be observed during 

discharge. In this case, however, no tetra- or pentavalent but bi- and trivalent vanadium 

ions are responsible for the behavior. Presumably, V2+ ions migrate into the membrane 

during discharge and exchange for protons, which lowers the proton conductivity. This 

effect of cation poisoning was observed by Sun et al. for Cu2+ in water electrolyzers. 

However, it can be reversed by treating the membrane with sulfuric acid.[40] 

 

2.8.  Coulombic Loss Factors 

In addition to voltage losses, losses of coulombic charge during a charge-discharge 

process also reduce the usable amount of energy of the battery. In the following, the 

physical relationships are discussed.  
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2.8.1. Cross-over Losses 

Ion exchange membranes separate the anolyte and catholyte solutions, as shown in 

Figure 8. At the same time, they ensure electroneutrality on both sides of the membrane. 

Depending on their material composition, they conduct either cations such as H+ or anions 

such as HSO4
-. For cation exchange membranes (CEM), the membrane backbone material 

holds negative ionic groups such as sulfonic acid groups (-SO3
-), which facilitate cation 

transport but restrict the passage of anions due to Donnan exclusion.[41] Cations such as 

protons move across the membrane in two different ways, i.e., the Grotthus and the 

vehicular mechanism. By the Grotthus mechanism, the proton forms hydrogen bonds to 

hydrolyzed water molecules present along with the negatively charged sites at the 

membrane’s polymer backbone. With a respective driving force such as a gradient in 

potential or concentration, the proton is hopping from one water molecule to another. By 

the vehicular mechanism, the proton attaches to a water molecule and drags through the 

membrane with it. In anion exchange membranes (AEM), the same working principles 

prevail, except that the charge of the ions is reversed in each case.  

Unfortunately, for both CEMs and AEMs, not only the desired H+ or HSO4- ions 

travel across the membrane, but sometimes also vanadium ions.[42,43] This vanadium 

crossing leads to a self-discharge of the electrolyte. Thereby, cross-over V2+ and V3+ ions 

react with the VO2+ and VO2
+ ions according to the following reactions:  

V2+ and V3+ crossed-over into the catholyte are reacting to: 

2𝑉𝑂2
+ + 𝑉2+ + 2H+ ⇀ 3𝑉𝑂2+ + 𝐻2𝑂 (41) 

𝑉𝑂2
+ + 𝑉3+ ⇀ 2𝑉𝑂2+ (42) 

𝑉𝑂2+ + 𝑉2+ +  2H+ ⇀ 2𝑉3+ + 𝐻2𝑂 (43) 

VO2+ und VO2
+ crossed-over into the anolyte are reacting to: 

2𝑉2+ +  𝑉𝑂2
+ + 4H+ ⇀ 3𝑉3+ + 2𝐻2𝑂 (44) 

𝑉2+ +  𝑉𝑂2+ + 2H+ ⇀ 2𝑉3+ + 𝐻2𝑂 (45) 

𝑉3+ +  𝑉𝑂2
+ ⇀ 2𝑉𝑂2+ (46) 

The ion cross-over proceeds via electromigration driven by the electric field across the 

membrane, via diffusion driven by the concentration difference, and via electro-osmotic 

drag driven by the ion movement creating a convective flux.[44,45,46] 
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Figure 13: Charge losses upon cross-over of charged vanadium species across the membrane. The ion 

cross-over proceeds via electromigration, diffusion, and electro-osmosis. 

 

2.8.2. Shunt Current Losses 

Shunt currents occur in stacks of multiple cells where the cells are electrically 

connected in series and hydraulically connected in parallel, as shown in Figure 14. Due 

to the hydraulically parallel electrolyte inlets and outlets, ionic circuits are formed 

between several anodes and cathodes of adjacent cells. These ionic circuits allow the 

oxidation of V2+ according to Eq. (1) and the reduction of VO2
+ according to Eq. (2), 

leading to self-discharge in the stack and a consequent loss of charged vanadium 

species.[47,48,49] 
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Figure 14: Shunt current losses upon proton transfer via the interconnection of two adjacent cells and 

across the membrane. The proton transfer allows for self-discharge reactions according to the oxidation of 

V2+ (see Eq. (1)) and the reduction of VO2
+ (see Eq. (2)), leading to a loss of charged vanadium species. 

The graphic shows the proton circuit only for the cell outlet at the top. However, the processes apply also 

to the cell inlets at the bottom. 

 

2.8.3. Side Reactions Losses 

Besides vanadium cross-over losses, a small fraction of the current is due to side 

reactions at the respective anodic and cathodic equilibrium potentials. At the anode, 

potentials < 0 V vs. RHE prevail, allowing the hydrogen evolution reaction (HER) to 

occur (see also scheme in Figure 15a): 

2𝐻+ + 2𝑒− ⇀ 𝐻2 (47) 

At the cathode, potentials of 0.9-1.1 V vs. RHE are present (Figure 4). At high SoC 

or high VO2
+ concentrations, together with high charging overpotentials, potentials even 

> 1.23 V vs. RHE are possible. At these high anodic potentials, oxygen evolution can 

occur: 

2𝐻2𝑂 ⇀ 𝑂2 + 4𝐻+ + 4𝑒− (48) 
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In addition, at potentials significantly above 1 V vs. RHE, the oxidation of carbon and 

water to carbon dioxide can occur, leading to the corrosion of the graphite electrode.[50,51]  

𝐶 + 2𝐻2𝑂 ⇀ 𝐶𝑂2 + 4𝐻+ + 4𝑒− (49) 

 

 

Figure 15: Coulombic losses due to side-reactions. a) At the anode, the reduction of 𝐻+ leads to hydrogen 

evolution. b) At the cathode, the oxidation of 𝐻2𝑂 leads to oxygen evolution and carbon corrosion. 

 

2.9.  Parasitic Loss Factors 

The parasitic loss factors include the pumping losses, which are described by the 

pump power, 𝑃pump. Here, the pump power required to circulate the electrolyte through 

the stack at a given volumetric flow rate, �̇�, a pump efficiency, 𝜂pump, and for a given 

pressure drop, Δ𝑝, is:[36]  

𝑃pump =
Δ𝑝�̇�

𝜂pump
 (50) 

Other parasitic losses are the supply power of the battery management system, 𝑃BMS, 

and the inverter, 𝑃inverter. Together, all these necessary auxiliary power losses add up to 

the parasitic power, 𝑃parasitic: 

𝑃parasitic = 𝑃pump + 𝑃BMS + 𝑃inverter 

 
(51) 
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2.10.  Battery Efficiencies 

In order to evaluate and compare different battery designs, particular battery 

efficiency metrics are defined to evaluate different sub-aspects of the battery 

performance. These include energy efficiency, coulomb efficiency, voltage efficiency, 

and system efficiency, as described below. 

2.10.1. Energy Efficiency 

In general, the energy efficiency, 𝜂E, during a charge-discharge cycle is defined as the 

fraction of energy discharged divided by the energy stored: 

𝜂E =
∫ 𝑈dis(𝑡)|𝐼dis(𝑡)|𝑑𝑡dis

∫ 𝑈ch(𝑡)|𝐼ch(𝑡)|𝑑𝑡ch

 (52) 

2.10.2. Coulomb Efficiency  

The coulomb efficiency, 𝜂C, measures how much of a given amount of stored 

electrical charge can be discharged.  

𝜂C =
∫ 𝑑𝑄dis

∫ 𝑑𝑄ch

 (53) 

2.10.3. Voltage Efficiency  

The voltage efficiency, 𝜂V, is defined as the ratio of the energy and the coulomb 

efficiency. 

𝜂V =
𝜂E

𝜂C
=

∫ 𝑈dis(𝑡)|𝐼dis(𝑡)|𝑑𝑡dis

∫ 𝑈ch(𝑡)|𝐼ch(𝑡)|𝑑𝑡ch

∫ 𝑑𝑄dis

∫ 𝑑𝑄ch

 (54) 

If the battery is charging and discharging galvanostatically, the currents are constant and 

𝐼dis(𝑡) = 𝐼dis and 𝐼ch(𝑡) = 𝐼ch. With ∫ 𝑑𝑄 = ∫ 𝐼(𝑡)𝑑𝑡, the expression for the voltage 

efficiency is the ratio of the time average discharge and charge voltage:  

𝜂V =
𝜂E

𝜂C
=

∫ 𝑈dis(𝑡)𝑑t

∫ 𝑑t

∫ 𝑈ch(𝑡)𝑑t

∫ 𝑑t

 (55) 

These average voltages can be extracted for each charge-discharge cycle using the 

respective data of battery voltage over measurement time, as for Figure 12.  
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2.10.4. System Efficiency  

The system efficiency, 𝜂sys, accounts for the parasitic losses due to the pumps, the 

BMS, and the inverter. Accordingly, the usable energy during discharge decreases by 

𝑃parasitic, while the energy spent for charging the battery increases by 𝑃parasitic: 

𝜂𝑠𝑦𝑠 =
∫ 𝑈dis(𝑡)𝑖(𝑡)𝑑𝑡dis − 𝑃parasitic

∫ 𝑈ch(𝑡)𝑖(𝑡)𝑑𝑡ch + 𝑃parasitic

 (56) 

 

2.11. Degradation Mechanisms 

2.11.1. Degradation of Energy Storage Capacity 

For storing the maximum energy capacity during battery charging, the amount of 

reducible V3+ in the anolyte must be equal to the amount of oxidizable VO2+ in the 

catholyte. Each V3+ that is not balanced by VO2+ cannot be reduced, and vice versa. In 

other words, the average valence of all vanadium ions must be 3.5 and their 

concentrations in the anolyte and catholyte must be equal. Otherwise, the usable energy 

storage capacity will be reduced. Apart from this obvious coulombic correlation, an ionic 

imbalance also increases the concentration and charge-transfer overvoltages, as explained 

in the previous sections. Increased overvoltages cause the maximum charge and discharge 

voltages to be reached earlier, again resulting in a decreased energy storage capacity. 

During extended battery operation, such undesired ionic imbalance reducing the usable 

energy storage capacity can evolve due to the following reasons: 

The different vanadium ions have different diffusion coefficients in the electrolyte 

and within the membrane. As a result, some vanadium species move faster than others, 

leading to their directed transport across the membrane. Eventually, those faster ionic 

species will accumulate on one side of the membrane and shift the electrolyte's mean 

valence.[52] 

The side reactions (HER and OER) have different rates. More transferred charge upon 

HER at the anode than upon OER at the cathode, for example, leads to less reduced V2+ 

than oxidized VO2
+, shifting the mean valence from 3.5 toward higher values. 

Oxygen intrusion from the air into the anolyte leads to the oxidation of V2+ species 

according to the following spontaneous reaction: 
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𝑂2 + 4𝑉2+ + 4𝐻+ ⇀ 2𝐻2𝑂 + 4𝑉3+ (57) 

As a result, again, the mean valence will shift in positive direction. 

There are different mitigation strategies to counteract electrolyte imbalance. One 

approach is mixing the anolyte and catholyte. As another approach, an electrolyzer cell 

can counteract a positive shift in mean valence.[53] The electrolytic cell connected to the 

positive electrolyte employs the following half-cell reactions: 

𝑉𝑂2
+ + 2𝐻+ + 2𝑒− ⇀ 𝑉𝑂2+ + 𝐻2𝑂 (58) 

𝐻2𝑂 ⇀ 1 2⁄ 𝑂2 + 2𝐻+ + 2𝑒− (59) 

Also, electrolyte additives are used.[37] Since most frequently required, reducing 

agents are given to the electrolytes where they are oxidized by vanadium. Possible 

additives are ethanol, ethylene glycol, or oxalic acid, which are preferably entirely 

oxidized to water and CO2. Being entirely converted, they would not introduce any 

impurities that may poison the electrodes and decrease their reaction kinetics. Exemplary, 

oxalic acid reacts with VO2
+ in the catholyte as follows: 

2𝑉𝑂2
+ + 𝐻2𝐶2𝑂4 + 2𝐻+ ⇀ 2𝑉𝑂2+ + 2𝐻2𝑂 + 2𝐶𝑂2 (60) 

 

2.11.2. Degradation of Voltage Efficiency 

During extended cell operation, the voltage efficiencies decrease, which can have 

several reasons. As discussed above for the energy storage capacity degradation, an 

imbalance in ionic concentration and average valence leads to increased voltage losses 

and, thus, to the degradation of the voltage efficiency (c.f., Eq. (55)). 

In addition, the electrode can be damaged by excessive charging voltages (corrosion), 

as shown in Figure 15. The oxidation of carbon from the electrode irreversibly forms 

CO2. Due to this surface corrosion, part of the reaction surface is lost, resulting in higher 

kinetic overvoltages and thus lower voltage efficiencies.[25] 

Curiously, it was observed that the kinetic overvoltages of the electrodes also 

increased during longer-term operation, even though balance in reactant concentration 

and valence was ensured.[25,26,27] This occurred even though the electrodes operated at 

mild conditions such as intermediate electrode potentials around 50% SoC and moderate 

electrolyte temperatures below 30°C. Previous attempts at finding an explanation such as 

the decrease in catalyzing surface oxygen groups could not be unambiguously confirmed 
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experimentally.[54] Also, the authors could not explain various additional phenomena 

observed in the electrode behavior, such as the degradation’s pronounced reversibility 

after cathodic electrode resting potentials or the inhibition of the HER in the presence of 

V2+/V3+-electrolyte. 

The central part of this work elaborates an explanation for the observed, so far 

inconsistent electrode behavior (see chapter 4.2). 

 

2.12. Materials and Components  

2.12.1. Electrodes 

The electrodes are among the most crucial components of the battery. Their essential 

function is to provide a catalytically active surface on which the reactions take place 

(Eq. (1) and (2)), lowering the activation energy of the reactions to facilitate the charge 

transfer. In addition, the electrodes have to conduct the electrons transferred during the 

reaction. The resulting partial resistances for charge transfer and electron conduction 

make a decisive contribution to the overall resistance of the battery. Moreover, the 

electrodes must be chemically and electrochemically stable in the acidic electrolytes 

within the potential range of -0.3 < E < 1.1 V vs. RHE (c.f., Figure 4). Homogeneous 

porosity is required for low pumping losses. Uniform thickness ensures that contact 

resistances between electrodes and bipolar plates are constant across the entire area.[55] 

Commonly used are porous graphite felt, carbon felt, carbon paper, or carbon cloth 

electrodes, consisting of carbon or graphite fibers with a diameter of about 10 µm. 

Graphite or carbon felt electrodes are produced by needling a polyacrylonitrile (PAN) 

precursor and then pyrolyzing and annealing the fiber mats. Defect-rich amorphous 

carbon restructures and forms graphite crystallites during annealing, thereby increasing 

chemical and electrochemical stability and electronic conductivity. The annealing 

temperature thereby decides the degree of graphitization. Graphitization takes place at 

1500-2000°C[71], while carbonization is realized at lower temperatures of < 1500°C[56], 

which is why graphite electrodes generally show higher conductivity than their carbon 

pendants. Alternative precursor materials are regenerated cellulose fibers, resulting in 

rayon-based carbon or graphite felts.[55] 
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Figure 16: PAN-based graphite felt electrodes at different magnifications. Reproduced with permission 

from reference.[57] 

 

In particular, improving the catalytic activity of the electrodes (e.g., by surface 

modification and surface area increase) in order to reduce the charge transfer resistance 

promises to drastically improve battery performance drastically.[15,16] Various treatment 

procedures have been suggested, including chemical,[58,59] electrochemical,[60,61,62,63] 

plasma,[24,64,65] or thermal treatment.[66,17,67] These studies observed that an increased 

number of oxygen functionalities would lead to improved kinetics. Also, some of these 

treatments increased the surface wettability and roughness, leading to an increased total 

surface area (TSA). Furthermore, the surface content of edge planes was discussed to be 

beneficial for electrode kinetics. 

 These effects were investigated in detail in the first part of the results of this thesis.[57] 

While the literature generally assumed surface oxides to be mainly responsible for 

improving the electrode kinetics, here, a rather minor effect of surface oxides was 

observed. Instead, carbon edge sites were identified to be decisive for the kinetics, 

agreeing with other recently published work.[68] 

Besides the improved kinetics upon an initial oxidation of the electrode before its 

assembly in the cell, another phenomenon is observed upon electrode operation. While 

the electrodes generally exhibit slower kinetics for the V2+/V3+ reaction than for the 

VO2+/VO2
+ reaction,[69,70,71] the V2+/V3+ kinetics is shown to decrease with time of cell 

operation.[72,57,73,54] Moreover, the kinetics can be regenerated by maintaining the 

electrode at anodic potentials of > 0.8 V vs. RHE.[74,75] Previously, based on the 

assumption that surface oxygen functionalities are responsible for the activity, it was 

presumed that decreased kinetics must correspond to a decreased oxygen content. 

However, since the correlation between oxides and catalytic activity is not necessarily 

valid, another effect must be responsible for the degradation. Other explanations referred 
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to the transition of ordered sp2-carbon into disordered and less conductive sp3-carbon.[76] 

However, the transition of sp2- into sp3-carbon is irreversible, contradicting the fact that 

the degraded kinetics can be regenerated reversibly. In the second part of the results of 

this thesis, a novel explanation for the anode kinetics degradation is presented: instead of 

ascribing it to a loss of active surface sites due to oxide reduction, it is shown that V2+ 

adsorbs on the surface of the anode electrode and thus inhibits active surface sites.[33] 

Various electrode materials are suitable for use in VRFBs, comprising similar fiber 

properties but different geometric structures. Graphite felts, for example, whose fibers are 

needled, are available in thicknesses between 2-5 mm. On the other hand, carbon papers 

consist of fibers that lie unordered in a plane. Their thickness is only about one-tenth of 

that of graphite felts, i.e., in the range of 0.2-0.4 mm. Like carbon paper, carbon fabrics 

or cloth also have thicknesses in the range of 0.2-0.4 mm, and they have a woven 

structure.[55] Due to their small thickness and, thus, the short distance between the 

membrane and bipolar plate, carbon papers and carbon fabrics are also called zero-gap 

electrodes.[77]  

One of the main differences between graphite felts, carbon papers, and graphite sheets 

is their electronic resistance due to their different geometric structures. The total 

resistance of the electrodes is composed of the material resistance due to through-plane 

conductance and the contact resistance between electrodes and bipolar plates. Both 

depend strongly on the electrode compression, so inhomogeneous thickness and density 

may lead to increased cell resistances and substantially limit the stack performance.[78] 

The thin carbon paper and fabric electrodes result in a shorter conduction path and, thus, 

lower electrical resistances. Moreover, such thin electrodes can also be compressed more 

strongly without fiber breakage, leading to lower contact resistances. Consequently, 

papers and fabrics show an overall electrode resistance about half as large as that of felts. 

On the other hand, the different electrode types differ in their properties with regard 

to electrolyte flow. The Darcy-Weisbach equation describes the hydraulic pressure drop 

Δ𝑝𝑝𝑜𝑟𝑜𝑢𝑠(Pa) of the electrolyte across a porous electrode in the stack for a given 

volumetric electrolyte flow rate 𝑉 ̇ (in m3 s−1)[36] 

Δ𝑝𝑝𝑜𝑟𝑜𝑢𝑠 =
𝜇 ⋅ 𝑙 ⋅ �̇�

𝜅 ⋅ 𝐴
 (61) 
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where 𝜇 is the dynamic viscosity of the electrolyte (Pa ⋅ s), 𝑙 the length of the porous 

electrode (m), 𝜅 the permeability (m2) and 𝐴 = 𝑏 ⋅ 𝑑 the flow-through cross-sectional 

area of the electrode (m2), resulting from its width 𝑏 (m) and thickness 𝑑 (m). Compared 

to graphite felt electrodes, zero-gap electrodes would show a much higher pressure drop 

due to their smaller thickness (assuming the same permeability and flow rate). For this 

reason, zero-gap electrodes are combined with structured bipolar plates in the battery, 

which reduces the electrolyte flow-through length significantly. 

The flow-through length also influences the local distribution of the areal current 

density within the electrode. Due to the continuous reactant consumption, the reactant 

concentration becomes increasingly depleted along the flow direction in the electrode. 

Due to this depletion, the concentration overvoltages increase along the flow-through 

length, decreasing the local current density.[79,80] Moreover, as the flow-through length 

increases, the depletion zone starting from the membrane widens. The reason for this is 

that the electronic conductivity of the electrodes (𝜎el ≈ 3 S cm−1) is about ten times 

greater than the ionic conductivity of the electrolyte (𝜎ion ≈ 0.3 S cm−1).[32] To minimize 

the unfavorable ionic conduction path, the reaction centers are located as close as possible 

to the membrane. A design variant by Battharai et al. takes the developing concentration 

profile into account and introduces narrow channels for the electrolyte in- and outlet into 

the electrode. Thereby, the in- and outlet channels have a width of 2-5 mm and are 

arranged in the interdigitated design, so that the electrolyte is forced to flow along a path 

from inlet to outlet channel through the electrode land (c.f., Figure 17a). The electrode 

land has typically a width of 20-50 mm, being much shorter than the usual electrode 

length of 100-300 mm. In this way, the shorter electrolyte flow paths lead to improved 

electrode utilization, smaller concentration overpotentials and smaller pressure losses.[81]  

According to the proposed design, the channels must keep a distance to the ends of 

the electrode, matching the width of the electrode land, as indicated by the semicircles in 

Figure 17a. Otherwise, the electrolyte would favorize the shortest path through the 

electrolyte and, hence, would flow primarily through the upper and lower ends of the 

electrode. However, in the area at the electrode ends, the flow length is higher than in the 

mid of the electrode resulting in a non-uniform flow distribution and increasing the 

concentration overpotentials. As a possible solution, it is suggested to block the electrode 

ends with an adhesive, such as PVC-U mixed with the solvent tetrahydrofuran (THF). 

After the solvent has evaporated, the electrode fibers are coated by PVC-U rendering the 
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electrode ends impermeable for electrolyte flow. This way, the channels can reach close 

to the electrode ends, increasing the flow uniformity and decreasing the concentration 

losses (c.f., Figure 17b). The proposed design was invented during this PhD thesis and a 

patent is filed for.[82] 

 

Figure 17: Electrode designs as alternatives to the flow-through design introducing interdigitated 

electrolyte flow channels decreasing concentration overpotentials and pressure losses. In a), the distance 

between channel ends and electrode ends is equal to the electrode land width leading to compromised 

electrolyte flow distribution.[81] In b), the electrode ends are blocked by an adhesive so the channels can 

reach closer to the electrode ends. This results in a more uniform flow distribution further decreasing the 

concentration overpotentials.[82] 

 

A further advantage of the shorter flow paths is that, supposing constant electrolyte 

velocities, the electrolyte has a shorter retention time in the electrode. During this shorter 

time, at a given (areal) current density, the electrolyte will therefore suffer less educt 

depletion, and, as a consequence, the electrode can have a smaller thickness. Due to the 

complex manufacturing process of PAN graphite felts, unfortunately, it is not trivial to 

produce felts with smaller thickness, and, at the same time, ensure low thickness 

tolerances over the area. Therefore, within the framework of this thesis, a process for 

cutting strips or plates of felt elements was developed and approved, providing felt 
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elements of < 1 mm thickness at a tolerance of < 0.05 mm. A corresponding device was 

proposed which employs several diamond band saws allowing the simultaneous 

production of the felt elements in an endless process, for which a patent has been 

granted.[83] 

 

2.12.2. Membranes 

The membrane separates the two half-cells and prevents the mixing and self-discharge 

of the anolyte and catholyte. At the same time, however, it is permeable to ions to 

guarantee charge neutrality between the two half-cells. The membrane should provide 

high ionic conductivity, low vanadium permeability, high mechanic resistivity, high 

chemical stability, and low production costs.[41] 

Different categories of membranes are the ion exchange membranes (IEM) and the 

porous membranes. The IEMs consist of polymer chains with functional ends with ionic 

groups. These fixed ionic groups conduct counterions of opposite charges.[84] The 

counterions flow across the membrane and provide charge balance. The most commonly 

used types of IEMs include cation exchange membranes (CEMs), anion exchange 

membranes (AEMs), amphoteric, bipolar, and mosaic membranes.[85] 

CEMs comprise negatively charged functional groups such as −𝑆𝑂3
− groups (sulfonic 

acid) that conduct cations such as 𝐻3𝑂+. In contrast, AEMs contain ends such as −𝑁𝐻3+ 

groups (quarternary ammonium), that are conducive for 𝐻𝑆𝑂4
−.[86] Amphoteric 

membranes contain both types of conducting groups in their backbone, limiting the 

directed mass transport and electrolyte imbalance.[87,88,89] 

Porous membranes are based on the principle of size exclusion, being permeable to 

𝐻3𝑂+ but not to vanadium ions.[90] Also called nanofiltration membranes, they require 

pore diameters between 2.5 − 6 Å, larger than hydrated protons but smaller than hydrated 

vanadium ions.[91] Advantageous is their cost-effective synthesis, while still providing 

mechanical strength. 

Also, combinations of CEMs (NafionTM) with porous nanofiltration membrane 

material (VanadION membranes) promise the advantages of both technologies: high ion 

conductivity, ion selectivity, mechanical strength, and low production costs.[92] 
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2.12.3. Electrolytes 

In the electrolyte of VRFBs, the dissolved vanadium concentration determines the 

energy density.[93] While the anolyte contains V2+ and V3+, the catholyte carries VO2+ and 

VO2
+. The VO2

+-solubility increases with sulfate concentration but decreases with 

temperature, limiting the maximum dissolvable V concentration. At 1.8 M, VO2
+ readily 

precipitates as V2O5 above 50°C.[94] In contrast, the solubility of V2+, V3+, and VO2+ 

decreases with sulfate concentration and increases with temperature.  Consequently, 

standard practical compositions are 1.6-2.0 M vanadium dissolved in 4-5 M total sulfate 

concentration,[37] suggesting an operating electrolyte temperature range between 10-

40°C. 

Another parameter defining the electrolyte physical characteristics is its viscosity, 

which depends on the electrolyte temperature and its SoC, i.e., the concentrations of 

different vanadium species.[32] For the anolyte at 25°C, the dynamic viscosity takes on 

values of 7.0 mPa s for 20% SoC and 5.0 mPa s for 80% SoC. For the catholyte, the 

viscosity is 4.5 mPa s for 20% SoC and 4.0 mPa s for 80% SoC. Moreover, compared to 

25°C, the viscosity decreases by ~1.5-fold at 40°C and it increases by ~1.5-fold at 10°C.  

Within the SoC range of 20-80%, the ionic conductivities of anolyte and catholyte 

vary between 0.22-0.30 S cm-1 and 0.32-0.42 S cm-1, respectively, due to a change of the 

proton concentrations.  

The density at 25°C and 50% SoC is 1.39 g cm-3 and 1.36 g cm-3 for the anolyte and 

catholyte, respectively, and only slightly decreases with temperature (0.08 g cm−3/10 K) 

or for a different SoC (0.1 g cm−3/100% 𝑆𝑜𝐶).  

Moreover, there are several electrolyte additives that improve the electrolyte 

properties. The addition of a small amount of phosphoric acid (H3PO4) prevents the V2O5 

precipitation at elevated temperatures. In the absence of phosphoric acid, VO2
+ can 

complex with water to VO2
+(H2O)2, forming the intermediate VO(OH)3 with the release 

of a proton, which precipitates as V2O5 by further deprotonation. The presence of H3PO4 

leads to V-O-P bond-formation, which suppresses the deprotonation of VO(OH)3 and the 

V2O5 precipitation at elevated temperatures of 40°C, thereby increasing the operating 

temperature window.[95,37] 

Also, the addition of hydrochloric acid increases the VO2
+ temperature stability.[96] A 

mixed-acid electrolyte consisting of 5 M hydrochloric and 2.5 M sulfuric acid increases 
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the dissolvable vanadium concentration to 2.5 M (increasing the energy density by about 

70%), and increases the temperature window to -10 to +50°C.[97,49,98] 

Furthermore, the addition of glycerol and n-propyl alcohol leads to better VO2+/VO2
+ 

kinetics.[99] On the other hand, adding 5 mM Sb3+[100] or 10 mM Bi3+[101] to the electrolyte 

facilitates the formation of metallic Sb and Bi deposits on the anode during the charging 

process which are catalytically active for the V2+/V3+ redox reaction but inactive for the 

HER. 

2.12.4. Bipolar Plates and Flow Field Design 

Bipolar plates electrically connect the electrodes and separate the anolyte and 

catholyte of two adjacent cells. Also, they reinforce the stack mechanically.[102,103] 

Therefore, the BPP should comprise a high electrical conductivity, electrochemical and 

mechanical stability, and should be impermeable for the electrolyte.[104] 

As a material, carbon-polymer composites match all requirements. Conductive carbon 

black, fibers, or nanotubes are combined with binders such as polypropylene, 

polyethylene, fluoropolymers, or epoxy resin.[105,106] Manufacturing processes are 

extrusion, compression molding, injection molding, or injection compression molding. 

A commonly used standard is TF6 from SGL Carbon. TF6 is an extruded 0.6 mm 

thick graphite-fluoropolymer composite sheet. The composite consists of 94% expanded 

graphite with 6% ethylene tetrafluoroethylene copolymer (ETFE) filler.[107] Due to the 

high graphite content, TF6 has a low electrical resistivity of 7.6 ⋅ 10−4 Ω cm, resulting in 

an area-specific resistance of 0.4 mΩ cm2, which is negligible compared to the BPP’s 

contact resistance to the electrode.[108] To reduce the significant contact resistance 

between the bipolar plate and electrode, electrically conductive adhesive bonds between 

bipolar plates and electrodes have been successfully investigated.[109,110] 

In addition to the flat flow-through design for graphite felt electrodes, the bipolar 

plates can also have a flow field integrated for zero-gap electrodes.[104] In this case, the 

electrolyte flows in channels in the bipolar plate, significantly reducing the pressure 

losses. In case of the flow-by design, the ends of the inflow and outflow channels are 

open. The electrolyte flows along one side of the electrode, which, however, entails large 

concentration overpotentials. Conversely, for the interdigitated flow field (IDFF) design 

where the flow channel ends are closed, the electrolyte is forced across the land and 

through the porous electrode, which substantially reduces concentration overpotentials 
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but increases pressure losses compared to the flow-by design.[77] While the pressure losses 

with the IDFF design are still much smaller than with the flow-through design, decisive 

parameters are the channel and land width, the channel depth, and the electrode thickness 

and permeability. [111] Numerical modeling can help determine the optimum between 

pressure losses, mass transport, and flow distribution across the flow field.[112] 

2.12.5. Flow Frames 

Flow frames ensure that the electrolyte is led to and from the electrode and that parts 

of the electrolyte flow do not bypass the electrode. Also, their thickness sets the desired 

electrode compression. In addition, the flow frames contain meander channels that extend 

the length of the electrolyte connection between the cells to reduce the shunt currents.[113]  

The pressure drop in the channels is defined by the Darcy-Weisbach equation and depends 

quadratically on the flow rate rather than linearly as in the porous electrodes. Again, a 

trade-off between shunt current and pressure drop must be determined. Since the flow 

frame is a component in contact with the electrolyte, it must also be chemically resistant. 

Various sulfuric acid-resistant plastics such as polypropylene (PP), polyethylene (PE), or 

polyvinyl chloride (PVC-U, PVC-C) are suitable for this purpose. For reducing the 

complexity of the assembly process, the bipolar plate can be encapsulated with two flow 

frames, resulting in a compact and liquid-tight component.[114] 

2.12.6. Current Collectors 

The current collectors (CCs) contact the two BPPs at the outer ends of the stack (also 

referred to as monopolar plates (MPPs)) and conduct the current into the direction of the 

outer circuit. Due to the large currents, the material of the current collectors is required to 

be highly conductive, which is why often copper is used. Although copper comprises 

extraordinary conductivity and, consequently, offers low conduction resistance, after 

prolonged times of oxidation in the air, it is known to form an oxide layer responsible for 

undesired contact resistances between CC and MPP. For lab applications, the CCs are 

often gold-plated, which prevents the formation of an oxide layer ensuring low and 

reproducible contact resistances.[104] For industrial applications, costs are critical, and tin-

plated copper plates can be used.[49]  

Besides the physical surface properties, decisive for low contact resistances is a high 

contact pressure over the entire area. Tolerances in the planarity of the CCs, hence, can 

lead to areas with contact resistances drastically increased, inflicting issues such as a 
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decreased stack performance and an uncontrolled heat generation. In order to compensate 

tolerances, carbon papers are added between CC and MPP, enabling areal uniform and 

low contact resistances.  

During this thesis, a new approach for contacting the CC and the MPP was developed: 

A copper grid was pressed into the MPP, which is typically made of a relatively soft 

carbon-polymer composite material. After the application of 100 kg cm−2 in a hydraulic 

heavy-duty press, the copper grid (with a mesh size of 1 mm2 and wire diameter of 

0.3 mm2) was fully embedded in the MPP. In a next step, the copper grid (facing out on 

one side of the MPP) was soldered with a copper CC plate. Due to the temperature 

sensitivity of the MPP, the solder metal was a low-melting solder alloy being Roses metal. 

The composite component of copper plate, copper grid and MPP showed unusually low 

total areal resistances of < 5 mΩ cm2 and offers to be a suitable combination of the CC 

and the MPP. A patent application was filed for the component and the method for 

producing it.[115] 

2.12.7. Endplates 

The endplates serve to fasten the stack plane-parallel and to apply a laterally even 

pressure. In particular, the contact pressure is essential for the electrodes and current 

collectors to ensure adequate electrical contact at every location.[116] The compression 

path of the electrodes must also be equal to ensure uniform electrolyte flow. Furthermore, 

a uniform pressure is critical for the functionality of the sealing. 

The endplates are usually made of dimensionally stable materials with high stiffness 

in order to achieve the required homogeneous pressure distribution. In addition to 

selecting a material with a high elastic modulus, the plate thickness can also be increased. 

However, to ensure adequate handling, a compromise must be found between stiffness 

and weight, which is why the density of the material is also relevant.[117] 

In addition to the choice of material, the plate geometry helps reducing weight. One 

method is to make the endplate in a ribbed design instead of a rectangular solid material, 

which makes it possible to reduce weight while maintaining good stiffness. Furthermore, 

a thin end plate can be supported by cross beams (e.g., solid or hollow stainless steel 

sections), increasing the pressure at critical plate areas. 

Also, the connecting and tightening method bears design benefits. Commonly, 

tightening rods and nuts are used to compress the cell stack. However, other fastening 
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principles such as tie-bands are possible for saving the plate area needed for the drill holes 

required for tightening rods, thereby decreasing dead stack volume.[118] 

  



 

 



 

43 

3. Experimental Methods 

3.1. Three-electrode Half-cell Assembly for Rotating 

Disk Electrodes 

Rotating disk electrodes (RDE) were employed in three-electrode half-cells to 

investigate the electrode-electrolyte interaction of model electrode materials, as 

illustrated in Figure 18. The half-cell was a glass compartment equipped with a 

mercury/mercurous sulfate (Hg/Hg2SO4) reference electrode (RE), a graphite felt counter 

electrode (CE), and a graphite disk working electrode (WE). The RE was sitting in a glass 

tube filled with vanadium-free 2 M sulfuric acid to protect it from vanadium ions that 

could change its standard potential. The glass tube functioning as an electrolyte bridge 

dipped in the vanadium electrolyte, ionically contacting it with the RE via a porous glass 

frit. The CE was a 2 cm2 graphite felt impaled by a carbon composite stick of 1 mm 

diameter. The WE was a graphite disk made of glassy carbon (GC) or highly-oriented 

pyrolytic graphite (HOPG) in the basal or edge plane orientation. The disk was embedded 

into a PTFE body which rotated at a constant rotation rate, which ensured constant 

convection and, thus, continuous reactant mass transport towards the electrode surface. A 

constant N2 gas flow passed over the electrolyte to protect it from the intrusion of oxygen 

from ambient air, which could potentially oxidize V2+.  
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Figure 18: Schematics of a water-jacketed three-electrode half-cell comprising a reference, counter, and 

working electrode. The electrolyte temperature in the cell was controlled by thermostatted water flowing 

through the cell jacket via the water in- and outlet.  

 

3.2. Cyclic Voltammetry with RDE Half-cells 

Cyclic voltammetry (CV) is an experimental method for investigating redox reactions 

at electrode model surfaces. In this work, the material of the model surfaces was either 

glassy carbon (GC) or highly oriented pyrolytic graphite (HOPG) in basal plane and edge 

plane orientation. These GC and HOPG electrodes were rotating disk electrodes 

integrated in an RDE setup. The reactions investigated were the V2+/V3+-reaction and the 

HER. The electrode potential was scanned linearly within a selected voltage window at a 

constant scan rate typically in the range of 1-100 mV s-1. At the same time, the current 

response is recorded, providing information on the reactants, the electrodes, and the 

electrolytes.[119,120, 121]  

Figure 19 demonstrates a typical CV of a basal plane HOPG RDE in a 2 M H2SO4 

electrolyte containing 1.6 M V2+/V3+. The electrode rotation rate was 200 rpm, and the 

electrolyte temperature was 25°C. In Figure 19a, the voltage is controlled between -1.8 V 

and 0.2 V vs. Hg/Hg2SO4 over time at a scan rate of 20 mV s-1, in Figure 19b, the current 

response is measured over time, and in Figure 19c the measured current is plotted over 

the controlled voltage. The equilibrium potential in Figure 19 at -0.936 V vs. Hg/Hg2SO4 
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corresponds to -0.262 V vs. RHE,[122] being close to -0.255 V vs. RHE, the theoretical 

standard potential of the V2+/V3+-reaction. Accordingly, the V2+/V3+-ratio is close to 1/1. 

 

Figure 19: Experimental data of a CV with a basal plane HOPG RDE in a three-electrode half-cell. The 

electrode rotation rate was 200 rpm, and the electrolyte temperature was 25°C. a) Voltage vs. time, b) 

current vs. time, and c) current vs. voltage curve.  

 

As can be seen, the current-voltage curve in Figure 19c precisely agrees with the 

modelled current-voltage-relationship in Figure 9, representing the characteristic voltage 

losses derived in Section 2.4. Between -1.3 V and -0.6 V, the current is kinetically 

controlled, following an exponential course described by the Butler-Volmer equation 
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(c.f., Eq. (23)). At below -1.3 V and above -0.6 V, the current takes on a sigmoidal shape, 

approaching a constant limiting current of about 𝑖lim = ± 40 mA cm−2. In this region, 

the overpotentials are sufficient for the entire reactant to be consumed at the electrode 

surface. The amount of reactant reaching the surface is given by the Levich equation 

describing the mass transport of reactant from the bulk of the electrolyte towards electrode 

surface via convection and diffusion: 

𝑖𝑙𝑖𝑚 = 0.62 ∙ 𝑛 ∙ 𝐹 ∙ 𝐴 ∙ 𝐷
2
3 (

2𝜋

60
∙ 𝜔)

1
2

(
�̃�

𝜌
)

−
1
6

𝐶0       ∝   𝜔
1
2 (62) 

In Eq. (62), 0.62 is a numeric constant (-), 𝑛 the number of transferred electrons (-), 𝐹 

the Faraday constant (C mol−1), 𝐴 the geometric electrode area (cm2), 𝐷 the diffusion 

coefficient (cm2 s−1), 𝜔 the electrode rotation rate (rpm) and its conversion factor 

2π/60 to (rad s−1), �̃� the dynamic electrolyte viscosity (g (cm s)−1), 𝜌 the electrolyte 

density (g cm−3), and 𝐶0 the educt concentration (mol cm−3). As indicated in Eq. (62), 

𝑖lim increases linearly with the square root of the rotation rate, i.e., with 𝜔1 2⁄ , which is 

confirmed in Figure 20 when varying the rotation rate between 100 rpm and 1600 rpm. 

Figure 20: CVs with a basal plane HOPG RDE at rotation rates 𝜔 between 100 rpm and 1600 rpm (left). 

The limiting currents increase linearly with the square root of the rotation rate 𝜔1 2⁄  (right). Reproduced 

with permission from supporting information of reference.[33] 
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3.3. Full Single-cell Assembly for Graphite Felt 

Electrodes 

Figure 21 shows a model drawing of the redox flow laboratory single cell assembly 

designed in-house and used in this work. The assembly is bolted together with ten M8 

machine screws (c.f., (1) in Figure 21), each tightened to a torque of 10 Nm. The resulting 

contact pressure is distributed by aluminum endplates (c.f., (2) in Figure 21) with a 

thickness of 20 mm, compressing the cell evenly. Towards the endplates, PVC-U plates 

(c.f., (3) in Figure 21) are fixed by four M4 screws (c.f., (4) in Figure 21). The PVC-U 

plates electrically insulate the endplates from the gold-plated copper current collectors 

(c.f., (5) in Figure 21). Also, the PVC-U plates hold 4 mm PVC pins (c.f., (6) in Figure 

21) that align the current collectors (5) with the monopolar plates (MPPs) (c.f., (7) in 

Figure 21). The MPPs are made of an injection-molded PPG86 graphite-polypropylene 

compound (Eisenhuth GmbH, Germany). Their high graphite content of 86% provides a 

very high electrical (material) conductivity of about 100 S cm−1,, resulting in low contact 

resistances to the current collector of roughly 50 mΩ cm2. At the same time, they hold 

inlets and outlets for the acidic electrolyte, realized via screw-in connections (c.f., (8) in 

Figure 21) bonded with epoxy resin (c.f., (9) in Figure 21) as a sealant. The MPPs conduct 

the electrolyte uniformly to and from the graphite felt (GF) electrodes (c.f., (10) in Figure 

21) according to the flow-through design and via several 1 mm holes. Before assembly, 

the 4.6 mm thick GF electrodes are punched to 25 cm² pieces using a die (Spahn GmbH, 

Germany). The electrodes are routinely compressed by 20% to their desired final 

thickness of 3.7 mm in the cell, adjusted by several stacked PTFE flow frames (c.f., (11) 

in Figure 21). The flow frames are aligned via 3 mm PVC pins (c.f., (12) in Figure 21) 

and also seal the cell by resting against both the MPPs (7) and the membrane (c.f., (13) 

in Figure 21). The membrane material is NafionTM (NF 212) with a thickness of 50.8 µm. 



3 Experimental Methods 

 

48 

 
Figure 21: Schematic drawing of the single cell with 25 cm² active geometric electrode area: (1) M8x120 

threaded holes for hexagon head screws, washers, and nuts, (2) 20 mm thick aluminum endplates, (3) PVC-

U isolation plate, (4) M4x30 hexagon socket screws, (5) gold-plated Cu current collector, (6) 4 mm PVC-

U pins, (7) 20 mm thick PPG86 monopolar plates, (8) G1/8” threaded screw-ins for DN04/06 tubings, (9) 

epoxy bonding, (10) 25 cm2 GF4.6 graphite felt electrodes, (11) PTFE foil flow frames, (12) 3 mm PVC-

U pins, and (13) 50 mm thick AEM (FAP450) or 50 mm thick CEM (NF212). Reproduced with permission 

from supporting information of reference.[33] 

 

3.4.  Full-cell Test Environment 

Figure 22 represents the functional diagram of the test environment designed in-

house. The test cell (c.f., (1) in Figure 22) receives its electrolyte from PTFE electrolyte 

lines which are linked by PP tubing connectors (EM-Technik GmbH, Germany). Since 

PTFE hoses have a small bending radius and high stiffness, a change of hose direction is 

possible via elbow fittings. Flexible hoses such as softened PVC contain plasticizers, so 

their use is not recommended, although they would simplify assembly. During prolonged 

operation, the electrolyte attacks plasticized PVC, partly dissolving it. While it is unclear 

whether the dissolved plasticizers contaminate the membranes and electrodes, it is best to 

avoid this potential problem. The electrolyte is fed by two NF60 diaphragm pumps (c.f., 

(2) in Figure 22) (KNF Neuberger GmbH, Germany). When selecting pumps and sensors, 

all wetted parts and seals must be made of corrosion resistant plastics. In some instances, 

PTFE-coated metal parts are installed. However, since the coating is prone to be damaged 

during operation, the metal parts might corrode. Consequently, all-plastic components are 

preferred. The electrolyte flow rate can be adjusted via a pump control voltage (0-5 V).  
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Figure 22: Functional diagram of the test environment for redox flow single-cell measurements with a flow 

diagram of the electrolyte and the measurement and control system. Reproduced with permission from 

supporting information of reference.[33] 

 

3.4.1. Flow Rate Control 

The flow rate is measured by two VZS005-PP oval wheel meters (c.f., (3) in Figure 

22) (B.I.O.-TECH, e.K., Germany). The oval wheel counters provide a signal for each 

revolution of the oval wheels that corresponds to a defined electrolyte volume, 

independent of the viscosity of the electrolyte. An ICP DAS signal counter module 

(IPC2U GmbH, Germany) transmits these signals to a LabVIEW software environment, 

which calculates the flow rate and sends it to a PID controller. In a feedback loop, the 

PID controller compares the current flow rate with the intended flow rate and uses an 

ICP-DAS actuator module (IPC2U GmbH, Germany) to readjust the control voltage for 

the membrane pumps. 
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3.4.2. SoC Monitoring 

A second parallel electrolyte circuit is used to evaluate the SoC of the vanadium 

electrolyte. An OCV-cell (BELLTEC, Germany) (c.f., (4) in Figure 22) was used to 

measure the OCV which can be translated to the SoC described by the SoC-OCV curve in 

Figure 5. A model drawing of the OCV-cell is shown in Figure 23. All parts are listed in 

the figure caption according to the numbers in the figure. Both electrolytes flow through 

the OCV-cell and past the voltage-sensing carbon rods inside. As a modification, the 

carbon rods were replaced by carbon fiber composite (CFC) rods (Carbon Composites, 

Germany), being mechanically more stable (c.f., (1) in Figure 23). The electrolyte flows 

at high velocity (approx. 3 cm s-1), ensuring the OCV-cell reacts directly to SoC changes. 

For this purpose, an NFB25 double-head membrane pump (c.f., (5) in Figure 22) (KNF 

Neuberger GmbH, Germany) provides a constant 30 mL min-1 flow rate per electrolyte 

side. In addition, the carbon rods are epoxy-bonded to the PVC-U surrounding to avoid 

void volumes with residual electrolyte at different SoC, which would lead to an erroneous 

OCV value.  

 

Figure 23: Schematic drawing of the OCV-cell for measuring the state of charge (SoC): (1) 4 mm carbon 

fiber composite (CFC) sticks, (2) threaded screw-in for CFC rods, (3) M4 V4A nuts, (4) PVC-U end plate, 

(5) threaded screw-ins for DN04/06 tubings, (6) DN04/06 PTFE-tubings, (7) epoxy bonding, (8) 2x22 FKM 

O-ring, (9) M4x65 V4A screws, (10) NF117 membrane with an open area between the compartments of 

~1 cm2, and (11) PVC-U end plate. 
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3.4.3. Temperature Control 

A third parallel electrolyte circuit is used to control the temperature of the electrolyte. 

First, the electrolyte temperature is measured immediately before the electrolyte enters 

the test cell. The FEP-coated Pt100 resistance thermometers (c.f., (8) in Figure 22) are 

seated in PVC cylinders, as shown in Figure 24. All specific parts are listed in the figure 

caption referring to the numbers in the figure. For a length of 10 cm, electrolyte flows 

around the thermometers isolating their measuring tip (c.f., (3) in Figure 24) from external 

temperature fluctuations. The temperature is measured by an ICP-DAS sensor module 

and processed in a LabVIEW environment. A PID controller compares the measured with 

the target temperature. Depending on the offset, an ICP-DAS actuator module readjusts 

the control voltage of two additional NF60 membrane pumps (c.f., (6) in Figure 22) (KNF 

Neuberger GmbH, Germany). These pumps independently feed a plate heat exchanger 

(c.f., (7) in Figure 22) designed in-house and shown in Figure 25 with, again, all parts 

listed in the figure caption according to the descriptive numbers in the figure. The heat 

exchanger couples the heat to the water circuit of an A100 thermostat (Lauda GmbH, 

Germany) via heat exchanger plates made of TF6 (SGL Carbon) (c.f., (4) in Figure 25). 

Due to its high graphite content of > 90%, this graphite-polymer mixture has a high 

thermal conductivity of about 6 W (m K)-1, about 20-30 times the thermal conductivity 

of conventional plastics. As a modification, 0.5 mm aluminum sheets mechanically 

support the TF6 plates against the water circuit to withstand the pressure from the 

electrolyte circuits (not shown). 

 

Figure 24: Schematic drawing of the Pt100 thermometer (FEP-coated) in a PVC-U-cylinder case: (1) 

DN04/06 PTFE-tubing, (2) G1/4” treaded screw-in for DN04/06 tubings, (3) FEP-coated Pt100 measuring 
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tip, (4) PVC-U body, (5) G1/4” treaded screw-in for Pt100 thermometer, and (6) FEP-coated Pt100 

thermometer. Reproduced with permission from supporting information of reference.[57] 

 

Figure 25: Schematic drawing of the plate heat exchanger for temperature control: (1) 20 mm PP-H heat 

exchanger side part, (2) G1/4” treaded screw-in 8 mm nozzle, (3) G1/4” treaded screw-in for DN04/06 

tubings, (4) 0.3 mm carbon fiber composite (CFC) foil, (5) 20 mm PP-H heat exchanger mid part, and 

(6) epoxy bonding. Reproduced with permission from supporting information of reference.[57] 

 

3.4.4. Electrolyte Tanks 

The electrolyte tanks (c.f., (9) in Figure 22) are two containers consisting of a PMMA 

cylinder and a PVC-U lid and base part (c.f., Figure 26). The cylinder is sealed via two 

FKM O-rings sitting in grooves in the lid and base and pressing against the cylinder 

outside walls. This way, the construction holds overpressures of approx. 2 bar. The base 

part provides inlets and outlets for nitrogen gas (N2) and electrolyte. During operation, 

both sides of the electrolyte can be gassed with N2, flushing dissolved oxygen from the 

electrolyte to prevent oxidation of V2+. For flushing, the lids are open. 

In contrast, for a change of electrolyte, the lids are closed. Thereby, the N2 pressure 

is used to press the electrolyte out of the tubing altogether. For this purpose, the tanks are 

closed at the lids by a locking screw and pressurized to about 0.5 bar. By means of 3-way 

valves (EM-Technik), the tanks and the various electrolyte circuits can be pneumatically 

drained of electrolyte.  
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Figure 26: Schematic drawing of the electrolyte tank: (1) threaded screw-in for DN04/06 tubings, (2) PVC-

U base part, (3) 3x50 FPM O-ring, (4) PMMA wall, (5) PVC-U lid part, (6) M6 nut, (7) PP locking screw, 

and (8) threaded M6 rod. 

 

A pressure gauge (c.f., (10) in Figure 22) measures the differential pressure between 

the in- and outlet of the cell. The cell current-voltage characteristics and its impedance 

are measured by a PGSTAT potentiostat (c.f., (11) in Figure 22) (e.g., Metrohm Autolab).  

 

3.4.5. Test Station Profile 

The entire test environment is integrated into an in-house designed rollable 

construction of aluminum profiles (ITEM). In Figure 27, all central parts are described in 

the figure caption with respect to the numbers in the figure. The construction encloses all 

electrolyte-carrying components, which sit in a PVC-U tray that would contain any 

electrolyte leakage. At the top and at the sidewalls, transparent polycarbonate windows 

protect nearby personnel and equipment from damage that might be caused by the 

corrosive electrolyte. 
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Figure 27: Test station profile construction with polycarbonate (PC) enclosure of all electrolyte-carrying 

components. The central parts are as follows: heavy-duty rollers (1), aluminum profile side braces (2), 

PVC-U drip tray (3), polycarbonate (PC) side walls (4), PC top wall (5), aluminum angle (6), PC front wall 

(7), aluminum handle (8), aluminum locking plate (9), telescopic slides (10), highly-pressurized laminate 

(HPL) boards (11). 

 

3.5. Short Galvanostatic Cell Polarization with Full 

Single Cells 

Short galvanostatic cell polarization (short-GCP) is a technique to measure the 

voltage response of a full single cell at constant charging or discharging currents. To 

illustrate the overvoltages for full-cells more clearly, Figure 28a shows experimental 

results of a controlled, alternating charge and discharge current density, with the 

corresponding cell voltages given in Figure 28b. The cell is charged and discharged 

galvanostatically at a continuous electrolyte flow rate of 100 ml min−1 at 50% SoC at 

different current densities. The resulting cell voltage is measured over time until a quasi-

stationary cell voltage is obtained. The measurement intervals of 30-90 s are short enough 

so that the OCV (cyan line) does not change due to the continuous reactant transfer but 

remains at a constant level of 1.413 V, corresponding to 50% SoC. The cell voltage 

corresponds to the difference in electrode potentials modeled in Figure 10, including the 

Donnan potential (c.f., Eq. (18)). 
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Figure 28: Experimental data of short galvanostatic cell polarization (short-GCP) of a typical VRFB full 

single cell with continuous electrolyte flow of 100 ml min-1 (1.6 M vanadium dissolved in 2.0 M aqueous 

sulfuric acid) at 50% SoC, an electrolyte temperature of 20°C: a) constant current charging and discharging 

at different current densities (red), and b) resulting cell voltages (blue). After 30-90 s, the cell voltage was 

constant and assumed quasi-stationary. The OCV of 1.41 V (light blue) indicated an SoC of 50%. c) Plot of 

the current densities vs. the quasi-stationary cell voltage as the ratio of discharge over charge voltage Udis 

and Uch. a) and b) reproduced with permission from reference.[57] 

 

Figure 28c shows the quasi-stationary and constant cell voltages that are established 

after a few minutes at each given current density. The OCV is marked by a vertical line 

(cyan). For quasi-stationary charge and discharge voltages, Eq. (55) simplifies and the 
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voltage efficiency 𝜂V is derived as 𝜂V = 𝑈dis 𝑈ch⁄ , as shown in Figure 29. Consequently, 

short-GCP offers itself as a time-efficient method to extract voltage efficiencies to 

compare the performance of different combinations of cell components.   

 

Figure 29: Voltage efficiency derived from short galvanostatic cell polarization (short-GCP) at charge-

discharge current densities in the range of 0-80 mA cm-2, determined from the data shown in Figure 28. 

Reproduced with permission from reference.[57] 

 

3.6. Electrochemical Impedance Spectroscopy 

Complementary to short-GCP, electrochemical impedance spectroscopy (EIS) can be 

used to identify the various cell resistances. Short-GCP probes the cell voltage 𝑈cell, 

which is composed of the OCV and cell overvoltage 𝜂cell: 

𝑈cell = 𝑂𝐶𝑉 + 𝜂cell (63) 

Here, 𝜂cell contains the partial contribution of the ohmic, kinetic, and concentration 

overpotentials at the anode and cathode, as well as the membrane overpotential: 

𝜂cell = 𝜂Ω,an + 𝜂kin,an + 𝜂c,an + 𝜂Ω,m + 𝜂c,cat + 𝜂kin,cat + 𝜂Ω,cat (64) 

Similarly, the area-specific cell resistance is defined as 𝑅cell = 𝜂cell 𝑖⁄  and is the sum of 

its ohmic, charge-transfer and concentration partial resistances 

𝑅cell = 𝑅Ω,an + 𝑅ct,an + 𝑅c,an + 𝑅Ω,m + 𝑅c,cat + 𝑅ct,cat + 𝑅Ω,cat (65) 

During short-GCP, the cell reveals its quasi-stationary current-voltage-dependence after 

a particular equilibration time.  

In contrast, potential-controlled EIS (PEIS) measures the current response while 

sinusoidally perturbing the voltage around a constant value at a certain amplitude and 
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frequency. From the transient current and voltage, the complex impedance Z can be 

determined. Plotting the real part Re(Z) of the impedance vs. its negative imaginary part 

-Im(Z) over the range of the applied perturbation frequencies results in the Nyquist plot 

shown in Figure 30. This Nyquist plot features two semi-circles. The greatest advantage 

of this representation is that the extrapolated intersections with the Re(Z)-axis indicate the 

partial cell resistances according to Eq. (65). The electronic and ionic conduction and 

transport processes occur in different characteristic frequency ranges. Thus, modulating 

the frequency allows discriminating the resistance for ohmic conduction 𝑅Ω, kinetic 

charge transfer 𝑅ct, and diffusive mass transport 𝑅c separately.  

 

Figure 30: Nyquist plot for a typical potential-controlled electrochemical impedance spectroscopy (PEIS) 

measurement of a VRFB full single cell with continuous electrolyte flow of 100 ml min-1 (1.6 M vanadium 

dissolved in 2.0 M aqueous sulfuric acid) at 50% SoC, an electrolyte temperature of 20°C. The two semi-

circles show intercepts with the real part impedance Re(Z) axis, indicating the partial resistances responsible 

for ohmic, kinetic, and concentration voltage losses. Reproduced with permission from reference.[57] 

 

Figure 32 illustrates an equivalent circuit with capacitors and resistances accounting 

for the internal cell processes. The equivalent circuit features the same electrical 

characteristics as the battery cell and can be used to model the battery behavior. 𝑅Ω,an, 

𝑅Ω,cat, and 𝑅Ω,m stand for the ohmic resistances in the anode, cathode, and membrane, 

respectively. The situation at the anode surface resembles the parallel connection of a 

capacitor 𝐶dl,an and a resistor 𝑅ct,an; electrons move due to the formation of a capacitive 

double-layer and due to the resistive charge transfer upon the V2+/V3+ redox reaction. 
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However, the double-layer does not behave like an ideal capacitor. Instead, it is found to 

be better described by a constant phase element (CPE), i.e., 𝑄dl,an, accounting that the 

electrodes are to be seen as a multitude of parallel capacitors, all contributing 

simultaneously but to a different extent.[123] Accordingly, the cathode surface is 

represented by the parallel combination of 𝑄dl,cat and 𝑅ct,cat. As a third category, the 

dashed rectangles contain two parallel R-CPE elements on the anode and cathode sides 

characterized by 𝑄c,an, 𝑅c,an, 𝑄c,cat, and 𝑅c,cat. These elements account for the finite-

length Warburg (FLW) impedance and mimic the diffusional mass transport due to 

concentration gradients from the electrolyte bulk to the electrode surface.[124,123]  

 

Figure 31: Equivalent circuit simulating the impedance of a VRFB single cell. Circuit elements are the 

ohmic conduction resistances (𝑅Ω,an, 𝑅Ω,cat, and 𝑅Ω,m), the charge-transfer resistances (𝑅ct,an, and 𝑅ct,cat), 

concentration resistances (𝑅c,an and  𝑅c,cat) and CPEs (𝑄c,an and  𝑄c,cat) due to the concentration gradient 

of reactant from the bulk electrolyte to the electrode surface, and CPEs (𝑄dl,an and  𝑄dl,cat) accounting for 

the double-layer. 

 

Depending on the EIS modulation frequency, different electronic and ionic current 

paths establish. At high frequencies around 20 000 Hz, the cell voltage modulation is so 

fast that the impedance of the capacitors goes towards zero. The resulting apparent cell 

resistance is the sum of all ohmic resistances ∑ 𝑅Ω highlighted in blue in Figure 32a. At 

frequencies around 1 Hz, the impedance of the double-layer capacitors become relatively 

large, so that they approach the behavior of an insulator. However, the charge transfer 

from the redox reactions contribute to the current through anode and cathode, which is 

characterized by the charge transfer resistances ∑ 𝑅ct highlighted in green in Figure 32b. 

At frequencies smaller than 0.025 Hz, the continuous charge transfer leads to reactant 

depletion at the electrode surface. The resulting diffusive mass transport across the Nernst 
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diffusion layer from the electrolyte bulk to the anode and cathode surfaces causes 

additional concentration resistances ∑ 𝑅c highlighted in red in Figure 32c. 

 

Figure 32: Frequency-dependent charge transport paths, illustrating the partial resistances for ohmic 

conduction, kinetic charge transfer, and diffusive mass transport. The three layers represent the electronic 

and ionic current paths for different EIS frequencies. a) At high frequencies around 20 000 Hz, the cell 

resistance contains only ohmic contributions (blue) from electrons moving through the anode and cathode 

𝑅Ω,an and 𝑅Ω,cat, and from ions moving through the membrane 𝑅Ω,m. b) At moderate frequencies around 

1 Hz, the resistance includes the charge-transfer resistances (green) for the anode and cathode reactions 

𝑅ct,an and 𝑅ct,cat. c) At low frequencies around 0.025 Hz, the voltage modulation is slow enough for the 

development of a concentration profile from the electrolyte bulk to the electrode surface. Consequently, in 

addition to ohmic and charge-transfer resistances, the cell comprises the concentration resistances 𝑅c,an and  

𝑅c,cat (red). 

 



3 Experimental Methods 

 

60 

3.7. Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was used to study the surface structure of the 

graphite fiber electrodes (c.f., Figure 16). Thereby, electrons are focused in a beam and 

accelerated in an electric field to kinetic energies of 10-12 keV. When hitting the sample 

under investigation, the electrons interact with the atoms of the sample and release 

secondary electrons, analyzed by an electron detector. The detected electron intensity 

provides information about the topography of the sample, providing a magnification of 

105.[125] 

 

3.8. X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) was used to investigate the surface atomic 

composition, which primarily referred to the surface amount of oxygen (O) and carbon 

(C). As a working principle, a monochromatic Al K𝛼-source is used to direct X-rays with 

known energy (Ephoton = 1486.7 eV) towards the sample. The X-rays excite 

photoelectrons from atoms in the sample within a penetration depth of several µm, which 

is, however, much higher than the escape depth of the generated photoelectrons. 

Consequently, only photoelectrons released from surface atoms within a depth of 1-3 nm 

reach the outside of the sample, where they are probed by an electron energy analyzer 

and an electron detector.[126] For this reason, XPS is, in general, sensitive to the bonding 

relations of atoms on the surface and, thus, is employed to analyze the type of oxygen 

surface group, such as carbonyls (CO), carboxyls (COOH), or hydroxyls (COH).[54] 

However, this analysis strongly depends on line shape and background used for fitting 

the XPS data. Moreover, the spectra of the samples assayed in this work appeared almost 

identical. As a result, the XPS analysis in this work focused not on individual oxygen 

species but on the integral O/C ratios.[57] 

 

3.9. Krypton and Nitrogen Adsorption Analysis 

The two techniques of nitrogen and krypton adsorption were used to determine the 

specific surface area of the graphite felt electrodes. Both techniques refer to the Brunauer-

Emmett-Teller (BET) theory and are based on the same principle, namely that a probing 

gas is brought in contact with the sample. At the N2 boiling temperature of 77 K, being 
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below the saturation vapor pressure 𝑝0, the molecules of the probing gas, i.e., N2 or Kr, 

are allowed to adsorb physically to the surface of the solid sample material. When 

decreasing the pressure, the adsorbed gas is partly desorbing from the surface. Within the 

relative pressure 𝑝/𝑝0 = 0.05 − 0.35, the amount of desorbing gas, thereby, is 

proportional to the surface area.[127] In this work, nitrogen adsorption was unsuitable, as 

it comprised too low sensitivity for small inner surfaces around 1 m2 g-1. Instead, krypton 

adsorption proved to be by far more efficient in precisely resolving the low inner surface 

areas of the carbon electrodes.
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4. Results 

This chapter presents the journal articles written over the course of this PhD thesis. 

The first article in Section 4.1 systematically investigated how thermal treatment in air at 

400°C enhances the performance of graphite felt electrodes – and why. This study 

revealed that all electrodes showed the commonly observed phenomenon of performance 

degradation, even though the effect was less pronounced for electrodes with a larger 

electrochemically active surface area (ECSA). The second article in Section 4.2 proposes 

a new surface reaction mechanism, explaining the performance degradation and implying 

operational strategies to improve the long-term electrode performance. 

 

4.1.  Impact of Plasma and Thermal Treatment on the 

Long-term Performance of Vanadium Redox Flow 

Electrodes – Significance of Surface Structure vs 

Oxygen Functionalities 

The article “Impact of Plasma and Thermal Treatment on the Long-term Performance 

of Vanadium Redox Flow Electrodes – Significance of Surface Structure vs Oxygen 

Functionalities”[57] was submitted in April 2021 and published as an open-access article 

in the peer-reviewed Journal of the Electrochemical Society in June 2021. The article was 

distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY), 

which permits unrestricted reuse of the work in any medium, provided the original work 

is properly cited. The permanent weblink to the article is https://doi.org/10.1149/1945-

7111/ac163e. 

Typically, graphite felt electrodes comprise a large charge-transfer resistance for the 

V2+/V3+ redox reaction that is compromising the cell voltage efficiency. Several different 

surface modification strategies are suggested in the literature. Surface oxides are claimed 

to lead to a high electrode wettability and provide a high catalytic activity for the 

performance-critical V2+/V3+ reaction. For this publication, a 25cm2 single-cell design 

was developed, as well as a testing environment that enabled stable system operating 

conditions with respect to electrolyte flow rate, temperature, and OCV (c.f., Section 3.4). 

With the reproducible single-cell assembly procedure and the highly stable system 

https://doi.org/10.1149/1945-7111/ac163e
https://doi.org/10.1149/1945-7111/ac163e
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operating conditions, the performance of the GFD4.6 graphite felt electrode material from 

SGL could be investigated precisely and systematically. We applied a low-pressure 

plasma treatment to form surface oxides on the electrode, thereby giving it a good 

wettability and presumably an improved catalytic activity. Successively, the electrodes 

were exposed to thermal treatments of different durations at 400°C in an air atmosphere. 

Repetitive in-situ EIS and short-GCP diagnostics were used to compare the 

electrochemical performance during the first 20 hours of steady-state cell operation. The 

data were expressed in terms of the charge-transfer resistance 𝑅ct as well as the voltage 

efficiency 𝜂V. The study revealed that plasma treatment and the resulting high 

concentration of surface oxides, confirmed by XPS, did not lead to significant electrode 

performance improvements. Instead, the additional thermal activation in air enhanced the 

VRFB electrode performance significantly, which strongly corresponded with the 

treatment duration. Over time, the surface structure roughened, and its surface area 

increased, as was shown by SEM and krypton adsorption measurements. In conclusion, 

the thermal treatment is not effective because of generating surface oxides, but rather 

because of inducing surface corrosion, forming electrochemically active carbon edge 

sites.  

Moreover, over 24 h of idle operation of the battery, the performance degradation due 

to deteriorating anode kinetics decreased drastically with increasing thermal treatment 

times. GFD-HT, i.e., a heat-treated, commercially available, and high-performing 

GFD4.6 material, comprised the highest surface activity and high apparent performance 

stability. Consequently, GFD-HT was monitored during extended idle battery operation 

of 400 h. Due to the stable measurement conditions, over the 400 h, a pronounced 

performance degradation could be determined, manifesting in an increased charge-

transfer resistance from 0.1 to 0.4 Ω cm2. The yet unclear reason for the kinetics 

degradation was the subject of the second article described below. 

Author contributions 

T.G. developed the VRFB single-cell design and the cell test environment. T.G. 

prepared the plasma and thermal electrode treatment, performed the electrochemical 

investigation and validation, and evaluated the experimental results. T.G. developed the 

concept, the methodology, and visualization and wrote the manuscript. P.T. performed 

the XPS measurements and data analysis and edited the manuscript. D.M. performed the 
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Kr adsorption measurements and data analysis. M.W. performed the SEM measurements. 

T.G., P.T., D.M., P.D., M.W., and G.D. discussed the experimental results and revised 

the manuscript. 
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4.2.  Anode Kinetics Degradation in Vanadium Redox 

Flow Batteries – Reversible Inhibition of the 

V2+/V3+-Reaction due to V(II)-Adsorption 

The article “Anode Kinetics Degradation in Vanadium Redox Flow Batteries – 

Reversible Inhibition of the V2+/V3+-Reaction due to V(II)-Adsorption”[33] was submitted 

in December 2020 and published in the peer-reviewed Journal of Power Sources in March 

2021. The article was distributed under the terms of the Elsevier subscription model, 

which permits authors to include the article in their dissertation, provided it is not 

published commercially and the original work is properly cited. The permanent weblink 

to the article is https://doi.org/10.1016/j.jpowsour.2021.229958. 

This publication suggests an explanation for the commonly observed VRFB anode 

kinetics degradation. It shows that the degradation results from the adsorption of V2+ 

accumulating on the electrode surface until an equilibrium coverage is established. As a 

result, the inhibiting V(II)-adsorption explains several features of electrode behavior that 

hitherto appeared inconsistent but now provide a coherent picture. In RDE half-cells, it 

was observed that the kinetics of graphitic anodes decreased when contacting vanadium-

containing aqueous sulfuric acid electrolyte at potentials < -0.2 V vs. RHE. In contrast, 

resting at anodic potentials of 1.0 V vs. RHE regenerated the anode kinetics. Moreover, 

especially the presence of bi-valent vanadium (V(II)) led to the inhibition of the hydrogen 

evolution reaction (HER) in sulfuric acid. The new concept of an adsorption mechanism 

was transferred to VRFB symmetric and regular full-cells. Here, the rate of the increase 

of Rct became slower over time, confirming the formation of a V(II)-equilibrium 

coverage. Moreover, resting at oxidative electrode potentials caused reversible anode 

kinetics regeneration. Especially the latter reversibility implies that reversing the 

electrode polarity in regular cells will restore the degraded electrode performance to its 

initial levels. Such regenerating operating strategies can increase the average anode 

kinetics and ensure reversibly high VRFB performance over the battery lifetime.  

Author contributions 

T.G. developed the VRFB single-cell design and the cell test environment enabling 

stable system operating parameters. T.G. performed the electrochemical investigation and 

https://doi.org/10.1016/j.jpowsour.2021.229958
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validation and evaluated the experimental results. T.G. developed the concept, the 

methodology, the visualization and wrote the manuscript. G.R. revised and edited the 

manuscript. 
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5. Conclusion 

This work aimed at better understanding the graphite electrode performance in 

vanadium redox flow batteries (VRFB). The first part focused on the effects of thermal 

treatment, changing several electrode properties simultaneously. As a result, the 

effectiveness of the treatment was confirmed. However, the underlying working 

principles were different than expected based on the literature and had to be re-defined. 

The second part presented a new approach to explaining a commonly observed but 

unresolved phenomenon of performance degradation. A battery testing environment was 

developed to demonstrate the findings mentioned above, enabling highly stable system 

parameters and, hence, reproducible performance monitoring for extended battery 

operation times.  

The first study investigated graphite felt (GF) electrodes after submitting them to a 

plasma treatment followed by thermal treatment in air at 400°C for different treatment 

times. The resulting electrode surface was examined by SEM, krypton adsorption 

analysis, and XPS. Also, their electrochemical performance was measured in a vanadium 

redox flow battery (VRFB) single cell during 20 h of idle cell operation. The plasma 

treatment ensured complete wettability by introducing oxygen surface functionalities. 

According to SEM and krypton adsorption measurements, the successive thermal 

treatment corroded the electrode surface, increasing the surface roughness and total 

surface area (TSA). However, against expectation, the surface corrosion decreased the 

oxygen surface functionalities, as indicated by XPS. The electrochemical performance 

did not correlate with the oxygen surface content, which contradicts reports in the 

literature that claim a significant catalytic activity by oxygen functionalities. Instead, the 

performance increase corresponded with the surface roughness and TSA. Since the TSA 

did not proportionally scale with the enhanced kinetics, a rather indirect correlation is 

suggested. When increasing the TSA, the carbon surface corrosion presumably created 

both inactive carbon basal-plane sites and active edge-plane sites, the latter of which 

catalyzing the V2+/V3+-reaction. 

Additionally, commercial electrodes with considerable TSA were analyzed for their 

long-term performance during 400 h of cell operation at idle conditions. As a result, high 

surface roughness and area suppressed the commonly observed performance degradation 

over time. Moreover, the degradation rate decelerated over time. 
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The second publication presented a generally new concept, explaining the poorly 

understood performance degradation in VRFB graphite electrodes. According to this, 

V(II) is proposed to adsorb on the electrode surface and inhibit the V2+/V3+-reaction. The 

strength of this new interpretation is that it combines several, in part, unresolved features 

of the electrochemical behavior of the VRFB anode. Moreover, these features were 

confirmed with different graphite electrode materials, indicating that the observations are 

a general physical phenomenon. Materials tested in three-electrode half-cells were glassy 

carbon (GC) and highly-oriented pyrolytic graphite (HOPG) in the basal- and edge-plane 

orientation as rotating disk electrodes. The material tested in full cells was graphite felt, 

which is a standard electrode material in VRFBs.  

In half-cell tests, already small concentrations of V2+, V3+, and VO2+ added to pure 

sulfuric acid electrolyte led to the inhibition of the previously pronounced hydrogen 

evolution reaction (HER). The effect was especially sensitive for the V2+-concentration, 

pointing at its central role for the surface inhibition. Simultaneously to HER-inhibition, 

also the kinetics for the V2+/V3+-reaction decreased. Furthermore, when cycling to or 

resting at anodic potentials of 0.8-1.0 V vs. RHE in 2 M aqueous sulfuric acid containing 

1.6 M vanadium, the V2+/V3+-activity regenerated reversibly. In vanadium-free sulfuric 

acid, the regeneration already took place at -0.26 V vs. RHE. Both observations can be 

explained by the oxidation of adsorbed V(II) and its release from the surface, in the 

vanadium-free case being facilitated by the Nernst shift of the oxidation potential in the 

cathodic direction. The cathodic potentials excluded oxide formation as an alternative 

reason for the observed regeneration.  

The regeneration concept was transferred to full cells. In symmetric and regular cells, 

bringing the anodes in contact with the catholyte at resting potentials around 1.0 V vs. 

RHE also reversibly regenerated the anode kinetics. In addition, the steady anode kinetics 

degradation in full cells during extended operation times agrees well with the idea of 

continuous adsorption. The decelerating degradation rate reflects an adsorption rate that 

decelerates upon the slow formation of an equilibrium coverage. The newly gained 

understanding implies operation strategies that mitigate the VRFB kinetics degradation: 

Regularly reversing the electrode potentials will increase the average electrode kinetics 

and ensure stable performance during long-term battery operation. 
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In summary, the findings on the performance of graphite electrodes in VRFB have 

shown that the thermal electrode treatment and its effectiveness are attributable to 

different causes than those that are commonly suggested in the literature. Specifically, no 

oxide functionalities but carbon edge-sites were found to be responsible for enhancing 

the electrode performance. Thus, future research and development may be redirected 

towards more effective electrode treatment procedures, resulting in tailored graphite 

electrodes. Moreover, understanding the common effect of anode kinetics degradation 

and interpreting it to be due to the activity-inhibiting V(II)-adsorption opens up new paths 

for performance enhancement strategies. Finally, these enhancements may pave the way 

for a wide future adoption and implementation of the VRFB technology 
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