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Chapter I Introduction 

In December 2015, for the first time, 195 countries of the United Nations set an international legal 

framework to address the anthropogenic contribution to the climate change by the reduction of 

greenhouse gas emissions and adopted it in the so-called Paris Agreement within the United Nations 

Framework Convention on Climate Change. [1] To limit global warming to 1.5 °C above the pre-industrial 

period (1850 – 1900), the International Panel on Climate Change (IPCC) further strongly recommends the 

reduction of CO2 emissions to net-zero, as it is the main anthropogenic greenhouse gas. This goal may 

reduce the climate-related risks for nature and humanity, such as droughts, extreme temperatures, and 

the global rise of the mean sea level. [2] 

 

Figure I-1: Evolution of the global energy consumption broken down by various energy sources, as well as the total 
world population in the period 1830-2020. Note that the plot for solar, wind, and geothermal energy contribution is 
barely visible due to its minuscule share (0.01 EJ in 1920, 1.97 EJ in 2015). Energy consumption data based on the BP 
Statistical Review of World Energy [3], world population data based on gapminder.org (1830-1950), and UN (1950-
2010) [4,5], illustration adapted from The Oil Drum. [6] Copyright: Creative Commons Attribution-Share Alike 3.0 
United States License (CC BY-SA 3.0 US), https://creativecommons.org/licenses/by-sa/3.0/us/. 

Moreover, the global energy consumption and the world population are growing drastically since the rise 

of the industrial revolution in the 19th century, as illustrated in Figure I-1. [3–5,7] Hence, immense efforts 

in the research and subsequent implementation of novel energy technologies are required to meet the 

rising energy demand and the environmental challenges triggered by the anthropogenic contribution. 

Fortunately, the electrical energy generation by solar, wind, or hydropower plants show a comparably 

low CO2 output, and these energy sources are nearly inexhaustible. In the recent 30 years, the Federal 

Republic of Germany highly forced the development of these so-called renewable energy sources, and 

by 2017, their share in the gross electricity consumption reached 36% – 3 years before the target of 35% 

in 2020. [8] However, most of the renewable energy sources are subject to naturally occurring 

fluctuations and produce most of their energy anti-cyclically, for instance, solar power plants, which 
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provide peak power during the day and are far less efficient, when the energy demand increases in the 

evening. [9] 

To counter this desynchronized supply and demand, energy storage systems (ESS) can be introduced 

into the power grid to buffer surplus energy. The most common energy storage systems can be 

categorized in physical/mechanical and (electro-)chemical storage types. Physical/mechanical storage 

types include for example pumped hydro energy storage (PHES), where large amounts of water are 

pumped to higher levels, or pressurized air storage systems. Here, the electrical energy is converted by 

turbines or pumps into potential and pressure energy, respectively. In contrast, (electro-)chemical energy 

storage types, include gasoline, hydrocarbon-based fuels, hydrogen, or power-to-gas systems, as well as 

batteries and capacitors. In those systems, the energy is stored in the form of chemical bonds or by 

altering the oxidation state of specific atoms or molecules. However, the energy storage systems vary 

drastically in their specific energy and peak power output, as shown in the Ragone plot in Figure I-2. 

[10,11] 

 

Figure I-2: Ragone plot of various energy storage systems, such as flywheels, supercapacitors, batteries, and fuels 
for internal combustion engines (ICE), comparing the specific energy and the peak power density. The plot was based 
on Fig. 38 of Ghoniem [10] and Fig. 1 of Shi et al. [11] 

As of today, the most common stationary energy storage systems are PHES due to their well-developed 

engineering, long operational life, and relatively low costs per energy unit. [12–14] Nevertheless, specific 

landscape criteria need to be fulfilled to enable the construction of a PHES, such as the availability of 

water, a large area, and a sufficient height difference between the reservoirs. In contrast, battery systems 

expand the scope of stationary energy storage systems into remote and isolated regions, due to their 

flexible design and a much lower ecological footprint compared to PHES. While lithium-ion batteries are 
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largely available and show a high energy density and sufficient cycle life, the production costs are 

comparably high, and their environmental impact is controversial. [15–18] Redox flow batteries (RFBs) 

represent another promising stationary energy storage system and excel in the flexibility of their design. 

Here, the energy capacity and the power generation are decoupled and therefore enable high scalability. 

While the energy capacity is dependent on the amount of electroactive species stored in external 

reservoirs, the power capability is set by the size of the cell or stack itself. Furthermore, RFBs have a high 

cycle life, high capacity retention and a relatively simple setup and thus require little to no maintenance. 

On the downside, the comparably low energy density leads to increased space requirements, and specific 

components, like the membrane, are complex in manufacturing and thus increase the overall system 

costs substantially. [14] There are various types of RFBs, some of which are still in a prototype phase, 

while others have already reached market maturity. Noteworthy prototypes include water and metal ion-

based batteries, such as the all-iron redox flow battery [19], the zinc/cerium battery [20], or the bromine-

based batteries, as well as recently developed organic flow battery types [21,22], among hybrid systems 

like the redox fuel cell. [23] However, the most common type of RFBs is the vanadium redox flow battery 

(VRFB), which is already commercially available after several decades of development. Its particular 

strengths include a low environmental impact, long cycle life, high capacity retention and extraordinary 

operational safety. Nonetheless, the current research on VRFBs is driven by the comparably high price 

and low energy density. In Chapter II, all key components of this battery system are presented in detail, 

followed by an in-depth discussion of their strengths and weaknesses. 

The main focus of this thesis lays on the carbon electrodes, as they greatly influence the performance 

and longevity of the VRFB system. Furthermore, the studies in this thesis are grouped in three Parts: Part 

A focuses on the carbon material characterization and degradation and is followed by advanced 

characterization methods in Part B and Part C, which introduce differential electrochemical mass 

spectrometry, as well as synchrotron X-ray radiography and tomography as characterization tools for 

carbon electrodes of VRFBs.
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Chapter II Vanadium Redox Flow Batteries 

As already mentioned, the vanadium redox flow battery is the most common flow battery type, due to 

its relatively simple setup and multiple decades of development. The first successful demonstration of a 

VRFB was presented by Maria Skyllas-Kazacos and colleagues at the University of New South Wales, 

Australia, in May 1986. [24] Compared to the available redox flow batteries at that time, such as the Fe/Cr 

system demonstrated by NASA [25], the introduction of a single-metal system counteracts the harmful 

cross-contamination of the active ions and thereby drastically increases the cycle life of the battery 

system. Modern VRFBs achieve several tens of thousands of charge-discharge cycles without a capacity 

fading. Other advantages of VRFBs are the high energy efficiency, low self-discharge characteristics, as 

well as short response times. [26–28] The comparably low energy density of around 25-35 Wh∙kg-1 

renders the VRFB mainly as a stationary battery system, where its negligible capacity fading, in particular, 

is beneficial. As of today, various approaches have been made to commercialize VRFBs as stationary 

battery systems, although relatively high component costs, such as the ion exchange membrane, impede 

a wide adaption of this technology. [29] 

This chapter firstly presents the working principle of VRFBs and introduces the crucial components, 

followed by a description of the recent developments of the electrolyte, the membrane, and the 

electrodes. The final section of this chapter focuses on the parasitic side reactions, which occur during 

the operation of a VRFB. 

1. Working Principle 

In general, VRFBs utilize a setup of two separate electrolyte tanks that chemically store the electrical 

energy, and a cell or cell stack, where the energy conversion occurs. In Figure II-1, the schematic setup of 

a VRFB is shown, depicting the two separate electrolyte tanks, the pumps, and the cell. The anodic or 

negative half-cell contains vanadium in the oxidation states +II (charged) or +III (discharged), while the 

cathodic or positive half-cell contains the oxidation states +IV and +V in the discharged and charged state, 

respectively. Both electrolytes are continuously pumped from their separate storage reservoirs through 

the half-cells, which are separated by an ion-selective membrane that allows for charge balance while 

minimizing the cross-contamination of the electrolytes. The electron transfer and thus the redox 

reactions take place on carbon electrodes in the form of felts or paper to maximize the active surface 

area and ensure electrical conductivity. To achieve high utilization of the carbon electrodes, one of the 

following two approaches are commonly applied: In the flow-by configuration, the electrolyte is fed from 

the face of the electrode, which is parallel to the membrane, and flow fields are employed to force the 

electrolyte into the electrode. This approach is mostly applied for carbon paper electrodes due to their 

low thickness. In contrast, in a flow-through configuration, the carbon electrodes are fed from their edge. 

This configuration is commonly used for carbon felt electrodes with larger thicknesses of up to 1 cm. 

[14,30–33] 
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Figure II-1: Schematic setup of a vanadium redox flow battery. Adapted under the kind permission of Kerstin Köble 
[34] 

The redox reactions taking place in the anodic and the cathodic half-cell are shown in Equations (II-1) and 

(II-2), respectively, in addition to the consequential full-cell equation in (II-3). Furthermore, the equations 

include the standard redox potential E0 of both half-cell reactions, as well as the resulting full-cell 

potential Ecell. To achieve higher potentials, multiple cells can be connected electrically in series to form 

a cell stack, in which the electrolyte feed is connected in parallel to ensure a uniform vanadium 

concentration in all single cells. [14,35] 

Anodic half-cell V3+ + e− ⇌ V2+ E0    = −0.255 V vs. SHE (II-1) 

Cathodic half-cell VO2+ + H2O ⇌ VO2
+ + 2H+ + e− E0    = +1.004 V vs. SHE (II-2) 

Full-cell VO2+ + V3+ + H2O ⇌ VO2
+ + V2+ + 2H+ Ecell = +1.259 V vs. SHE (II-3) 
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2. Components 

Each cell of a VRFB consists of two electrodes and their respective current collectors, as well as a 

membrane to separate the half-cells. Commonly, the carbon felt or carbon paper electrodes are 

electrically contacted by a current collector, which is usually equipped with a flow field to facilitate the 

electrolyte distribution. A schematic presentation of the components in a VRFB cell is provided in Figure 

II-2. 

This section of Chapter II discusses the main components of VRFBs in detail, including the electrolyte, 

which contains the electroactive material, and the membrane. The carbon felt electrodes, which catalyze 

the redox reactions and provide a sufficient surface area for the electron transfer, are outlined extensively, 

as they are the central topic of this thesis. Additionally, the state-of-the-art components are discussed, 

and it is presented, how the work in this thesis contributes to further advances in the field of vanadium 

redox flow battery research. 

 

 

Figure II-2: Setup of a VRFB cell with its crucial components.  
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Electrolyte 

 

Figure II-3: Photograph of the vanadium sulfate electrolyte with different vanadium oxidation states. From left to 
right: Vanadium(II), (III), (IV) and (V) electrolyte, in diluted sulfuric acid. Adapted from J. Langner [30], Copyright: 
Creative Commons Attribution – Share Alike 3.0 Germany (CC BY-SA 3.0 DE) 
https://creativecommons.org/licenses/by-sa/3.0/de/deed.en 

The properties of the electrolyte utilized in VRFBs are crucial for the overall performance of the cell. Its 

main function is to contain as many electroactive ions as possible to maximize the energy density of the 

system. For common vanadium sulphate electrolytes (see Figure II-3), only a relatively low energy density 

of 20-33 Wh∙L-1 or 15-25 Wh∙kg-1 can be achieved and thus impedes an application of VRFBs in mobile 

applications. [14,36] The vanadium sulphate electrolytes typically consist of up to 2 M vanadium and 3-4 

M sulfuric acid. The maximum concentration is on the one hand limited by the solubility of the 

vanadium(V) ions in particular, due to their tendency to precipitate as V2O5 at elevated temperatures 

(>40 °C) and at high state of charge. At low temperatures (< 10 °C) on the other hand, vanadium in the 

oxidation states +II, +III, and +IV forms sulphates, which can precipitate as well. [37–39] Thus, the 

temperature range of operation is severely limited, and additional active temperature management is 

needed, which affects the overall system efficiency. 

Various research groups investigated this behavior and proposed different strategies to mitigate the 

temperature dependency and thus increase the energy density. On the one hand, in a temperature-

controlled environment, the vanadium concentration can be increased up to 3.5 M in 5-6 M sulfuric acid 

in supersaturated solutions, but this vastly affects the viscosity of the electrolyte and thus its flow and 

wetting properties. [39,40] On the other hand, various supporting electrolytes, such as a mixture of 

sulfuric acid and methanesulfonic acid (CH3SO4H) [41,42], were found to improve the electrochemical 

activity. Furthermore, inorganic additives such as K2SO4 and Na3PO4 are stabilizing specific oxidation 

states of the vanadium ions, but simultaneously increase the precipitation rate for other vanadium 

oxidation states. [38] In contrast, various organic additives, such as inositol [43], Coulter dispersant IIIA 

[44], or polyacrylic acid [38], can both, improve the stability of the electrolyte and increase the 

temperature range of operation, but naturally increase the production complexity and thus the costs. 

https://creativecommons.org/licenses/by-sa/3.0/de/deed.en
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Additives and specifically tuned support electrolyte composition can lead to higher energy densities and 

extended cycle life of the VRFB, but further work is required to enable broader applicability in addition 

to the application as a stationary battery system. 

Membrane 

Ion exchange membranes (IEMs) in VRFBs function as an electronic separator of the anodic and the 

cathodic half-cell and enable a charge balance by conducting ions. They can be grouped in two categories: 

cation exchange membranes (CEMs) and anion exchange membranes (AEMs). The most common CEMs 

are Nafion membranes, which show high chemical stability towards the harsh environment of the 

electrolyte, as well as low ionic resistance. However, in addition to the relatively high costs, they also 

entail a high crossover rate of vanadium ions, leading to an electrolyte imbalance and consequently to a 

capacity fading. [11,45] An increase of the membrane thickness mitigates the crossover rate but 

increases the ionic resistance of the cell. Furthermore, the pretreatment of the membrane heavily 

influences the crossover and ionic resistance. Jiang et al. found that soaking the Nafion membrane in de-

ionized water for 24 h is a good compromise for the crossover rate, the electrical resistance, and the 

performance. [46] Other approaches lead to composite CEMs, which incorporate hydrophobic coatings 

on the Nafion membrane, such as sulfonated poly(ether ether ketone) (SPEEK), polytetrafluoroethylene 

(PTFE), and other polymers. The composite membranes show a reduced crossover rate, but also 

increased the manufacturing costs. [11,47,48] As alternatives, various SPEEK based membranes were 

developed and investigated due to their low cost and similar or even better performance compared to 

Nafion, but they show a reduced ionic conductivity and material stability. [11,49–52] Moreover, all CEMs 

are prone to membrane fouling, where vanadium cations deposit on the membrane surface or in the 

proton-conducting channels. [14,53,54] 

In contrast, AEMs, such as the Fumasep FAP-450 membrane utilized in this work, inherently show a much 

lower crossover rate, but also exhibit an increased electrical resistance and a low redox-stability in the 

oxidizing sulfuric acid electrolyte. Compared to CEMs, where the membrane can be permeated by H+, 

the transport of SO4
2- anions through the membrane enables the charge balance when utilizing AEMs. 

[55] Since they show a comparably low overall performance due to the increased ionic resistance, various 

research groups optimized the AEM via additives or microstructural modifications, leading to increased 

manufacturing complexity and costs. [56–59] 

As the membrane is one of the most expensive components in a VRFB, the development of low-cost and 

efficient materials is crucial to reduce the system costs of VRFBs. Novel materials, such as SPEEK, are 

able to reduce the cost, but additional research is required to achieve the performance and durability of 

conventional membranes, such as Nafion. 
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Electrodes 

The electrodes enable the redox reactions in VRFBs by providing a large, catalyzing surface, and by 

conducting electrons to the current collector. The electrode material must ensure a catalytic activity 

towards at least one half-cell reaction while being sufficiently chemically stable towards the acidic 

electrolyte and electrochemically stable in the corresponding potential range. Furthermore, a high 

porosity and a high surface area of the electrodes increase the efficiency of the cell, due to the reduced 

pumping losses and an increased number of possible reaction sites. [14,60] 

The most common electrode materials are carbon-based fibers, which are processed to obtain felts, 

cloths, or papers. The fibers are typically based on the polymers of polyacrylonitrile (PAN) or Rayon 

(cellulose) and are manufactured by various spinning techniques, such as extrusion spinning, wet 

spinning, or electrospinning. While the commercial carbon materials investigated in this thesis were 

most likely manufactured by extrusion spinning, as it is the most practicable method in industrial scale, 

the carbon electrode materials in publication A4 are electrospun to allow an extended control of the 

material structure. After the spinning process, the polymer fibers undergo a stabilization treatment in 

the oxidative atmosphere at 250 °C, which leads to cyclization, dehydrogenation, and oxidation 

processes to facilitate the subsequent carbonization step. [61,62] The carbonization itself takes place at 

1100 °C in an inert atmosphere to avoid further oxidation, and initiates a formation of graphitic structures 

from the outside of the fibers by further dehydrogenation and also denitrogenation processes, which 

lead to a total mass loss of about 50%. [63] In an additional graphitization process at up to 2500 °C in an 

inert atmosphere, the graphitic structures increase in size and orientation along the surface of the fiber, 

leading to a higher surface area and electrical conductivity. [30,64,65] Furthermore, the porosity typically 

increases from about 90% to up to 95%. [66] 

Figure II-4 displays a photograph of a Rayon based carbon felt electrode, as well as a magnification 

obtained by scanning electrode microscopy, which shows the single fibers with a random orientation. 

While carbon paper electrodes show a much higher electrical conductivity and lead to very high power 

densities due to high compression, carbon felts offer a higher surface area, better cycle stability, and 

optimized electrolyte flow, and thus increase the overall system efficiency. [14,67] By carefully tailoring 

various components of the cell, such as modified carbon felt electrodes, Jiang et al. recently achieved a 

high power density of 2.78 W∙cm-2 and an excellent cycle life (>20000 cycles at a high current density of 

600 mA∙cm-2) with modified carbon felt electrodes. [68] 
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Figure II-4: Photograph of a Rayon based carbon felt electrode (SGL GFA6 EA) and a magnification obtained by 
scanning electron microscopy (SEM). 

In pristine condition, carbon felts show a low activity towards the vanadium redox reactions, as well as a 

low overall wettability, leading to poor utilization of the surface. The most common and practical method 

to improve these properties is found to be a thermal treatment in air atmosphere or comparable oxygen 

and nitrogen gas mixtures (synthetic air) at temperatures between 400 and 800 °C. [69–71] In general, 

an introduction of additional surface functional groups facilitates the redox reactions and improves the 

wettability. Unfortunately, the thermal treatment affects several other factors, such as material stability, 

and the activity of the carbon felt is altered during the operation of the VRFB due to degradation 

processes. Several research groups approached this by a modification of the carbon surface, for example 

with carbon nanotubes (CNTs) [72–74], graphene oxide (GO) [75,76], or composite materials with special 

doping. [77] One approach based on the latter is presented in publication A3, where a novel soft-template 

method is used to introduce an amorphous carbon coating on commercial carbon felt electrodes. This 

leads to a combination of a high electron conductivity provided by the felt and an increased surface area 

due to the amorphous carbon coating, which also includes a functionalization by sulfur and nitrogen 

doping. 

In Part A of this thesis (see Chapter IV), the first publication (A1) provides a comprehensive overview of 

three different carbon felt electrodes regarding their chemical and electrochemical properties. 

Furthermore, an artificial aging procedure was developed to investigate the influence of the oxidizing 

electrolyte, as well as of potential induced oxidation in a vanadium(V) electrolyte, whose chemical and 

electrochemical properties are comparable to the positive half-cell of a nearly charged VRFB. This work 

showed that the graphitized PAN-based carbon felt electrode is more stable towards harsh conditions 

compared to graphitized Rayon based carbon felts, and that carbonized PAN-based carbon felts are 

inferior in every aspect as electrodes in VRFBs. These results are complemented by publication A2, which 

introduces a pore network modeling approach for carbon felt electrodes to investigate the electrolyte 

transport properties. This method is a powerful tool to study porous carbon felts, as it simplifies the 

computation by treating the pore space as a network of pores connected by cylinders.  
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On this basis, further work has been conducted and published (see Part C) to investigate the wetting 

properties and thus the utilization of Rayon based carbon felt materials under various aspects via 

synchrotron X-ray radiography and tomography for the first time. In publication C1, the wetting 

properties of pristine and thermally treated carbon felt were quantitatively studied via the saturation of 

the felt with the electrolyte and simultaneous pressure drop measurements in an injection device with a 

small sample size. Additionally, thermally treated carbon felts were studied concerning the influence of 

the electrode compression, as well as the vanadium species in the electrolyte, showing different 

viscosities. [78] We showed quantitatively that the wetting behavior of thermally treated carbon felts 

surpasses pristine felts in every condition, and those compression ratios greater than 50% increase the 

pressure drop significantly, which leads to increased pumping losses and thus to a reduced system 

efficiency. The vanadium species also influence the pressure drop, as well as the saturation of the carbon 

felt. These methods were also applied in the first part of the publication C2, where the influence of the 

flow field was quantitatively studied in the context of a novel full VRFB cell. With these publications, a 

novel insight into the wetting behavior of carbon felts was presented, which should be considered when 

designing VRFBs. 

  



  

Vanadium Redox Flow Batteries 

Chapter II 

 

 

17 

3. Side Reactions 

 

Figure II-5: Schematic representation of the reactions occurring in the operational potential window of a VRFB. For 
each reaction, the standard potential and the affected potential region is given. 

The overall efficiency of a VRFB is heavily influenced by side reactions, which can occur 

thermodynamically in the electrolyte itself or between the electrolyte and atmospheric oxygen, or result 

from potential induced reactions, such as the hydrogen evolution reaction (HER) and the carbon 

corrosion (CO and CO2 evolution), as schematically presented in Figure II-5. At elevated temperatures, 

not only the solubility of vanadium ions in the electrolyte is increased, but also the precipitation of V2O5 

is thermodynamically favored. Here, the hydrated form of vanadium(V) is deprotonated to form the 

neutral VO(OH)3
 (Equation (II-4)), and then condensates with itself to V2O5 (Equation (II-7)). [79–82] The 

electrolyte oxidation by atmospheric oxygen is shown in Equation (II-6) and can be prevented by a system 

design, which includes purging of the electrolyte with nitrogen gas and adequate sealing. [14,83,84] The 

reaction equation of the HER, the carbon corrosion to CO2, the carbon corrosion to CO, and the oxygen 

evolution reaction are shown in Equations (II-7)-(II-10), respectively, including their corresponding 

standard redox potential. [85,86] 

Vanadium(V) deprotonation
∆
→ [VO2(H2O)3]+ 

∆
→ VO(OH)3

 + H3O+  (II-4) 

Condensation and precipitation 2VO(OH)3 → V2O5∙3H2O↓  (II-5) 

Electrolyte oxidation 4V2+ + O2
 + 4H+ → 4V3+ + 2H2O  (II-6) 

Hydrogen evolution (HER) 2H+ + 2 e− → H2↑ E0 ≤ 0.000 V vs. SHE (II-7) 

Oxygen evolution (OER) 2H2O → O2↑ + 4H+ + 4e− E0 ≥ 1.230 V vs. SHE (II-8) 

Carbon corrosion to CO2 C + 2H2O → CO2↑ + 4H+ + 4e− E0 ≥ 0.207 V vs. SHE (II-9) 

Carbon corrosion to CO C + H2O → CO↑ + 2H+ + 2e− E0 ≥ 0.518 V vs. SHE (II-10) 
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All potential induced side reactions reduce the number of available electrons, which could be used in the 

vanadium redox reactions in each half-cell. During the charging of a VRFB cell, the carbon corrosion 

competes with the oxidation of vanadium(IV) while it also reduces the active surface area of the cathode, 

whereas simultaneously at the anode, the hydrogen evolution reaction not only competes against the 

reduction of vanadium(III) but the evolved hydrogen gas also blocks the access to the electrode surface. 

Furthermore, with increasing temperature, the rate of hydrogen and oxygen evolution, as well as carbon 

corrosion increases. [14,87] 

To study the side reactions on carbon felt electrodes in detail, a novel setup was introduced in Part B, 

which is reprinted in Chapter IV. Here, a differential electrochemical mass spectrometry (DEMS) cell was 

modified to enable the mounting of a piece of carbon felt electrode, so potentiodynamic measurements 

could be performed while instantaneously detecting volatile gases. In publication B1, we showed that the 

presence of vanadium ions strongly enhances the hydrogen evolution as well as the carbon corrosion, 

and demonstrated that no oxygen evolution occurs at potentials of up to 1.6 V vs. SHE. The subsequent 

study (B2) revealed the influence of the artificial aging of Rayon based carbon felts (as previously 

introduced in publication Part A) on the side reactions: While in the positive half-cell, all treated carbon 

felts showed reduced electrochemical activity compared to a freshly thermally treated felt, the affinity 

towards the carbon corrosion also decreased. This implies for the cathode that increased activity of the 

V4+/V5+ redox reaction is accompanied by an increased activity towards the carbon corrosion. 

Consequently, this could lead to an increase in contact resistance during the extended operation of a 

VRFB. A further significant finding in this publication is that felts, which were aged in a vanadium(V) 

electrolyte with strong oxidizing potential, showed an increased electrochemical activity towards the 

V2+/V3+ redox reaction in the anodic half-cell, as well as a reduced affinity towards the hydrogen evolution. 

With this, an extension of the operating time of a VRFB could be achieved by swapping the half-cells. In 

the third part of publication C2, the hydrogen evolution and bubble formation were spatially visualized 

via synchrotron X-ray radiography and tomography in a novel VRFB full-cell. We found that the hydrogen 

bubbles mainly attach to already existing air bubbles, which results in reduced saturation and thus a 

lower utilization of the carbon felt electrode. This underlines the importance of a thorough wetting of 

the carbon felt electrode during VRFB operation. 
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Chapter III Methods 

This chapter discusses the various characterization methods, which were utilized to complete this work. 

It is divided into two sections, starting with the physical characterization methods of the materials, which 

are scanning electron microscopy, thermogravimetric analysis coupled with mass spectrometry, Raman 

spectroscopy, X-ray photoelectron spectroscopy, and synchrotron X-ray radiography and tomography. 

The second section describes the electrochemical characterization, including cyclic voltammetry and 

differential electrochemical mass spectrometry. 

In both sections, the working principle of each method is briefly introduced, followed by a discussion, 

why the specific method was chosen for the characterization of the materials in this thesis. Furthermore, 

the expected and achieved results of each method are put into context. Lastly, the publications utilizing 

the respective method are stated. 

1. Physical Characterization 

The physical characterization of the carbon materials is important to quantify similarities and differences 

between different samples or treatment methods. The following characterization methods provide a 

variety of information, such as the surface morphology, the chemical composition, the wettability, or the 

thermal stability of the material. The physical characterization methods in this thesis were meticulously 

selected to specifically study carbon materials. 

Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a method to obtain high resolution and magnification depiction 

of the material surface. This can be achieved by an accelerated and focused electron beam interacting 

with the atoms of the sample. The electron beam is uniformly deflected by electromagnets to perform a 

raster scan on the surface of the sample. This leads to various emissions, such as back-scattered electrons 

(BSE), Auger electrons, and secondary electrons (SE), all of which can be detected and computed to an 

image of the material composition or surface. The grayscale value of each pixel of the resulting image 

corresponds to the number of detected SEs at the respective position on the material. Therefore, 

brighter areas resemble on the one hand the areas with higher electron density and thus elements with 

higher atomic number, and on the other hand surface structures, where more electrons can reach the 

detector, such as edges or raised areas. The carbon materials studied in this thesis show a good 

conductivity and therefore omit the necessity of coating the samples with a conductive layer. Insulating 

materials can be examined by sputtering metal ions (e.g. gold or silver) on the surface to introduce a 

conductive coating. Furthermore, a conductive carbon tape or silver glue facilitates the mounting of the 

samples. 
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Figure III-1 shows a typical image, which can be obtained by SEM and contains two fibrous structures on 

a rough surface. The latter is the carbon tape that has been utilized to mount the fibers on the sample 

holder. The thick fiber is a human hair and is placed next to a fiber of a carbon felt to put the size into 

context. While the human hair shows its typical scaly surface structure, this specific carbon fiber consists 

of several smaller fibers. Additionally, the label overlaid on the bottom of the image provides several 

parameters of the SEM scan settings. The typical acceleration voltage for carbon materials is between 

2.00 and 10.00 kV. While low acceleration voltages result in relatively low contrast, more detailed 

structures of the surface are visible, whereas with high acceleration voltages a high output and contrast 

can be obtained. In the publications A1 and A3, the characterization of the carbon materials were 

complemented by various SEM images (see Chapter IV). 

 

Figure III-1: Typical SEM image, showing a thin fiber of carbon felt (shown by the blue arrow) next to a human hair 
(its width is shown by the red arrow). The other parts show the coarse structure of the carbon tape (partially marked 
in green), which was used to mount the sample onto the sample holder. In the bottom part, a label is overlaid, which 
contains the essential parameters of the SEM. This includes the scale at the current magnification, the acceleration 
voltage (EHT), the working distance (WD), the utilized detector (Signal A), the current magnification (Mag), as well 
as the date and time stamp. 

Additional information can be obtained by the simultaneous utilization of the energy-dispersive X-ray 

spectroscopy (EDS or EDX). Here, the characteristic X-ray emission stimulated by the electron beam is 

utilized to obtain an element-specific spectrum, which can be used to calculate the elemental 

composition of a sample. In combination with a raster scan, an element map can be generated with a 

spatially resolved element distribution. To gain meaningful mapping data, high acceleration voltages as 
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well as multiple consecutive scans of the region of interest are needed, which renders EDX a 

comparatively time-consuming procedure. For carbon materials, this technique is rather useful, 

whenever a specific coating or doping was applied onto the surface, as shown in Figure III-2 and also 

utilized to confirm successful doping in publication A3 of this thesis (see Chapter IV on page 63). Changes 

of the chemical structure, such as functional groups after a thermal treatment or aging procedures, result 

only in small changes in the EDX signal, which is why this technique is insufficient for these materials. 

 

Figure III-2: SEM image of nitrogen and sulfur-doped carbon fiber and corresponding EDX mappings of carbon (red), 
nitrogen (green), oxygen (blue), and sulfur (yellow). 

Thermogravimetric Analysis coupled with Mass Spectrometry 

The thermogravimetric analysis combined with mass spectrometry (TGA-MS), is a useful tool to study 

the material composition as well as its thermal stability. Here, the sample is placed in a micro-oven with 

an argon atmosphere, followed by a measurement of the material mass. Subsequently, the material is 

heated with a constant heating rate (typically 5-10 K∙min-1), while the mass reduction is simultaneously 

measured, and the exhausted gases are analyzed by a quadrupole mass analyzer. The working principle 

is shown schematically in Figure III-3(a). 
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Figure III-3: (a) Schematic of the working principle of a TGA-MS and (b) resulting plots of an exemplary data set of 
two different carbon felts, showing the normalized mass reduction and normalized ion current of the mass 
spectrometer for various m/z signals during the increasing heat. 

A typical result for two different carbon felt materials is shown in Figure III-3(b), which both are part of 

the publication A1, reprinted in Chapter IV. In the top graph, the percentage of mass reduction is plotted 

against the heating temperature. The four graphs below show the respective normalized ion current of 

specific m/z signals acquired by the mass spectrometer. Each m/z value can be correlated to a certain ion 

or molecule fragment, which was ionized by the quadrupole mass spectrometer. [88] Thus, for carbon 

materials we obtain m/z values of 18 (H2O), 28 (CO), 44 (CO2) and 64 (SO2). The water content results 

from adsorbed water due to the air humidity. CO and CO2 generally originate from the partially oxidized 

carbon surface, i.e. functional groups, whereas SO2 signals point toward sulfate residues. 

With this method, the differences in the surface stability and to some extent in the surface composition 

can be detected. This is noticeable at the SO2 signal because it is only detected for the felt 2 since this 

felt was electrochemically aged in a sulfate-containing electrolyte, whereas felt 1 only received a thermal 

treatment. The CO and CO2 signals also show that felt 2 has a more oxidized surface compared to felt 1 

and thus shows a reduced thermal stability. The higher water signal for felt 1 compared to felt 2 can be 

partially correlated to the wettability of the felts, which again is depending on the surface roughness and 

accessibility of hydroxyl groups [89]. Furthermore, the differences in mass reduction are pointing 

towards a generally reduced thermal stability of felt 2. 

This method provides a specific insight into the material stability and composition but requires additional 

methods to entirely interpret the data, e.g. contact angle measurements for quantification of the 

wettability. Due to the relatively complex setup, destructive procedure, and comparably small sample 

size, this method is not trivial and possibly prone to errors. For comparative studies, this method offers 

a unique insight into several material properties, as presented in publication A1. 
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Raman Spectroscopy 

The working principle of Raman spectroscopy is based on the inelastic scattering of monochromatic light 

of a given wavelength, in contrast to the elastic Rayleigh scattering. On the one hand, during an elastic 

scattering, the photons excite the electrons of the sample, which then restore the initial energy level by 

emitting a photon with the same wavelength as the incident photon. This so-called Rayleigh scattering 

occurs with a high probability (ca. 99%) and thus leads to a high output signal. On the other hand, Raman 

scattering occurs, whenever the excited electron does not return to the initial energy level, but rather to 

a slightly higher or lower energy level, thus leading to the emission of a photon with smaller larger or 

smaller wavelength, respectively, compared to the incident photon. The shift to a higher energy level is 

called the Stokes shift, while the shift to a lower energy level is called the Anti-Stokes shift. The changes 

in the energy levels mainly lead to an altered state of vibration, but also influence rotation and electronic 

state of the sample. [90] For crystalline samples, such as graphene, the excitation by photon results in 

vibrations in the lattice, which are called phonons. [47] 

For carbon materials, there are two important first-order Raman bands: The D band at a Raman shift of 

about 1350 cm-1, as well as the G band at about 1590 cm-1, which represents the inelastic scattering on 

the disordered graphitic lattice and the ideal graphitic lattice, respectively. [71,91,92] By calculating the 

ratio of the intensities of the respective bands, the degree of graphitization ID/IG can be determined. 

[85,93] Figure III-4 shows a typical Raman spectrum of a thermally treated carbon felt and includes 

further Raman bands in addition to the D and G bands, which are the D’ band and the G’ or 2D band. The 

D’ band is similar to the D band since both originate from defects on the carbon structure, but differ in 

the type of phonon (transversal optical, TO, and longitudinal optical, LO, respectively), while the G’ or 

2D band is the overtone or second order of the D band. [92,94] This method is well suited for comparative 

studies since changes in the graphitization can be tracked by the calculation of the ID/IG ratio. 

Raman spectroscopy was performed for various carbon felt materials in paper A1 to study the influence 

of different treatment methods and how they affect the degree of graphitization (cf. Chapter IV, page 

33). 

 

Figure III-4: Raman spectrum of carbon felt. The D, G, D’ and G’ or 2D bands are visible at the respective Raman shifts 
of ~1350 cm-1, ~1590 cm-1, ~1620 cm-1, and ~2690 cm-1, and are highlighted by reference lines. 
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X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is based on the detection of the kinetic energy of electrons, 

which were ejected out of the atomic shell by X-ray photons with a specific energy. The kinetic energy of 

the electron depends on the one hand on the element and the specific shell, from which it was ejected, 

and on the other hand on the chemical environment of the atom. The kinetic energy (Ekin) correlates with 

the binding energy (Eb), the energy of the photons of the X-ray source (hν), and the work function (X) of 

the surface as follows: [85] 

Ekin = hν – Eb – X (III-1) 

 

With this technique, detailed information about the elemental composition of the sample surface can be 

gained via the signal intensity of each respective element-specific binding energy and the Scofield atomic 

sensitivity factors. [95] Additionally, further information on the chemical environment of the sample can 

be obtained, such as the share of specific functional groups in carbon materials. This can be achieved by 

deconvoluting the C1s peak into multiple peaks with a mixed Gaussian-Lorentzian function and the 

application of a fit. Based on the work of Nibel et al. [71], ,specific binding energies were assigned to the 

corresponding functional groups in the C1s peak in the publications A1, A3 and A4: C=C (sp², 284.1 eV), C-

H (sp³, 284.9 eV), C-O-R (sp³, 285.96 eV), C=O (sp², 288.2 eV), HO-C=O (sp², 290.4 eV), and π-π*-shakeup 

(291.61 ± 0.80 eV). Figure III-5 shows a detailed spectrum of the C1s peak of carbon felt with the applied 

fits for the corresponding functional groups. The ratios of the shares of functional groups can give 

additional information on the sample, e.g. the sp²/sp³ ratio as an additional measure for the degree of 

graphitization. 

 

Figure III-5: XPS detail spectrum of the C1s peak of carbon felt with the deconvoluted peaks for the respective 
functional groups. The dotted black line is the measured data, while the solid black line shows the envelope. 
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This technique is very useful for quantitative analysis of carbon materials, due to the ability to precisely 

provide information about the elements in the sample and their chemical environment, but also shows 

disadvantages, such as the comparably low resolution and a high sample preparation effort. [85] The 

latter is especially noticeable with carbon samples, since adventitious carbon is usually utilized in XPS 

measurements as a binding energy standard. [96] To gain meaningful and comparable data for carbon 

samples, a thin layer (<15 nm) of gold can be sputtered on the sample surface, which provides a 

calibration standard. 

Synchrotron X-ray Radiography and Tomography 

X-ray radiography and tomography both represent techniques that provide visual information of the 

inside of a sample in a nearly non-destructive way. In both cases, mono- or polychromatic X-ray photons 

are projected through a sample, which absorbs a specific amount of the photons. The attenuation of the 

beam depends on the number of electrons of the atoms in the sample and therefore correlates with the 

atomic number. The transmitted X-ray photons are detected by a combination of a scintillator, which 

converts X-rays to visible light, and a camera to record the image provided by the scintillator. 

 

Figure III-6: Raw X-ray radiography image of a VRFB cell, which shows the visibility of its various components due to 
the different attenuation of the materials. An artifact in the camera optics is also visible. 

Figure III-6 shows a raw X-ray radiography image of a VRFB cell used in the publication C2. This cell 

consists of various materials, which attenuate the X-ray beam to different degrees. For example, the 

signal of the steel current collector results in a nearly black depiction in the image compared to the 

polycarbonate frame due to the much higher number of electrons in iron atoms compared to carbon 

atoms. A great advantage of radiography is the high time resolution, which allows to track fast processes, 

such as the injection of an electrolyte into a porous carbon felt, as it is demonstrated in the publications 

of Part C in Chapter IV. This technique can be used to calculate the saturation of the felt, which is the 

percentage of void space inside a carbon felt that is filled with a liquid, such as an electrolyte, and thus 

corresponds to the utilization of the electrode itself. 

In further detail, the saturation is calculated by determining the thickness of the electrolyte at each pixel 

in the region of interest with the Beer-Lambert law (see Equation (III-2)) and was originally presented for 

this application by Ge et al. [97] In this equation, the electrolyte thickness (del) is given by the initial and 
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current intensity 𝐼0 and 𝐼, corresponding to the greyscale values of each respective pixel, the attenuation 

coefficient 𝜇, and the compression corrected porosity 𝜙𝑟, which is calculated by the open porosity 𝜙 of 

the sample and the compression ratio 𝐶𝑅 (see Equation (III-3)). 

𝑑𝑒𝑙 = ln (
𝐼0

𝐼
) ⋅ 𝜇−1 ⋅ 𝜙𝑟  (III-2) 

𝜙𝑟 =
𝐶𝑅 − 𝜙

𝐶𝑅 − 1
 (III-3) 

 

Additional details on the calculations and processing of the raw images, such as the calibration process 

needed for this procedure, are described in the publications of Part C in Chapter IV. 

In contrast to radiography, a tomography measurement provides a three-dimensional depiction of the 

sample and its inner surface. Here, the sample is rotated in small steps by at least 180° about the axis 

perpendicular to the X-ray beam path, while radiograms are recorded in each step. Although modern 

synchrotron facilities support high-speed rotation of a sample, the additional three-dimensional 

information is at the expense of the time resolution. Via computer-supported reconstruction, this view 

from different angles through the sample can be converted to an image stack along the axis 

perpendicular to the X-ray beam path. 

In general, both of these methods are gaining increased attention in recent years to visualize processes 

inside of full VRFBs, [98–103] after it has been well established in fuel cell research. [104–107] 

2. Electrochemical Characterization 

The electrochemical characterization of the material studies in this thesis provides a fundamental insight 

into the electrocatalytic processes taking place in VRFBs. The methods introduced in this section of 

Chapter III enable not only an extensive characterization of the redox behavior of the vanadium species 

on the carbon samples but also the investigation of the impact of the chemical environment and 

treatment methods on the side reactions. 

Cyclic Voltammetry 

Cyclic voltammetry is a fundamental electrochemical characterization method, which enables the 

investigation of the electrochemical activity of the samples as well as the redox activity of specific 

electrochemically active electrolytes. Here, the sample is immersed in a conductive electrolyte and acts 

as a working electrode. Additionally, a chemically and electrochemically stable counter electrode with a 

higher surface area than the working electrode and a reference electrode, which provides a stable and 

defined reference potential to the setup, are utilized. In cyclic voltammetry measurements, a constant 

potential sweep is applied between the working and the reference electrode (e.g. a standard hydrogen 

electrode, SHE) and sweeps between two specific potentials. [108,109] To utilize the carbon felt 
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electrodes as a working electrode, a novel sample holder was used, which clamps the felt between two 

titanium meshes and is fixed by titanium screws and nuts to achieve a good electrical contact and a slight 

compression of the felt. Figure III-6(a) shows a photograph of the sample holder. The resulting current 

between the working and the counter electrode is recorded and correlated with the applied potential. An 

example of a resulting cyclic voltammogram (CV) is depicted in Figure III-6(b), which shows the 

measurement of a carbon felt in a vanadium-containing electrolyte and diluted sulfuric acid using a scan 

rate of 10 mV∙s-1. 

Figure III-6(b) shows two distinct current responses in detail, which can be attributed to two different 

redox reactions. On the one hand, the oxidation of Hydroquinone (H2Q) and the reduction of Quinone 

(Q), which are electrochemically active functional groups on the carbon surface, lead to relatively small 

peaks at around 0.5 V vs SHE, and is visible in both electrolytes. [85] On the other hand, pronounced 

oxidation (positive current) and reduction peaks (negative current) of the redox reaction of vanadium(IV) 

and vanadium(V) are only observed when utilizing the vanadium-containing electrolyte. 

 

 

Figure III-7: (a) Photograph of the titanium mesh sample holder with a rectangular piece of carbon felt, as well as 
titanium mounting screws and nuts. (b) Cyclic voltammogram of the same carbon felt in a vanadium-containing 
electrolyte (blue) and diluted sulfuric acid (red). The smaller peaks at around 0.5 V vs. SHE represent current 
responses of the redox reaction of quinone (Q) and hydroquinone (H2Q) groups on the surface of the carbon felt. The 
larger peaks (highlighted in green and gold) around 1.0 V vs. SHE belong to the redox reaction of vanadium(IV) 
electrolyte. The scan rate was 10 mV∙s-1. 
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Furthermore, the relative peak positions or peak-to-peak separation (ΔE), the peak current ratio (IA/IC), 

as well as the charge ratio (CA/CC) can be calculated to obtain quantitative data for comparative studies, 

as it was used in publications A1 and A3, as well as in both publications in Part B (see Chapter IV). In Figure 

III-6(b), the utilized data is highlighted: ΔE is calculated by the difference between the potential at the 

anodic peak EA and the potential at the cathodic peak EC, while the peak current ratio is calculated by 

forming the ratio of the corresponding double-layer adjusted peak currents IA and IC. The charge ratio can 

be obtained by the double-layer adjusted area of the anodic and cathodic peak CA and CC, as indicated by 

the green and gold area in Figure III-6(b). 

Here, an increasing ΔE points towards reduced electron transfer rates, while a peak current and a charge 

ratio close to one imply good reversibility of the respective redox reaction on the given electrode. [85] 

However, further calculations of e.g. reaction rates are not trivial, since several assumptions are made, 

such as planar electrodes, and therefore cannot be applied to porous carbon felt electrodes. [110] 

Differential Electrochemical Mass Spectrometry 

In addition to cyclic voltammetry, differential electrochemical mass spectrometry (DEMS) provides 

valuable information about the potential or current dependent formation of volatile reaction products. 

The working principle, as it is shown in Figure III-8(a), is based on a microflow cell, where the electrolyte 

is pumped through or by the working electrode via hydrostatic pressure or a pump. After a potential or 

current induced reaction, the electrolyte contains volatile reaction products that can permeate through 

a PTFE membrane and a stainless-steel frit, where they are then analyzed by a mass spectrometer. For 

carbon felt electrodes, this method allows simultaneous detection of the faradaic response during cyclic 

voltammetry and the side reaction products, such as hydrogen gas or CO2 formed by carbon corrosion. 

As an example, Figure III-8(b) includes the cyclic voltammogram (left) at a scan rate of 10 mV∙s-1 of the 

same felt with flowing vanadium-containing electrolyte and in diluted sulfuric acid, combined with the 

potential dependent amount of detected volatile CO2, H2 and O2 (right). For the flowing vanadium-

containing electrolyte only the positive current response at potentials above ca. 1.1 V vs. SHE is observed 

in both scan directions, in contrast to the cyclic voltammogram without an electrolyte flow, shown in 

Figure III-7(b), that includes an additional negative current response from the counter reaction. This is a 

result of the constant electrolyte flow, as the reaction product V5+ is transported away from the electrode 

surface while supplying the reaction educt V4+. In contrast, the cyclic voltammogram of the carbon felt in 

the diluted sulfuric acid is unaffected by the electrolyte flow. 

This method was utilized to study the influence of the vanadium electrolyte on the side reactions taking 

place on carbon felt electrodes for the first time (publication B1). In a further study (publication B2), 

detailed investigations via DEMS were performed to reveal the effect of various treatment methods on 

the side reactions. Both publications are included in Part B of this thesis and reprinted in Chapter IV. 
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Figure III-8: (a) Schematic working principle of the DEMS. The electrolyte is pumped through the carbon felt working 
electrode and carries the reaction products along a PTFE membrane and a stainless-steel frit, which allow volatile 
products to permeate to the mass spectrometer (MS). (b) Cyclic voltammogram of a carbon felt in flowing vanadium-
containing electrolyte and diluted sulfuric acid (left), as well as the amount of the detected gases CO2, H2 and O2 in 
dependence of the applied potential. The scan rate was 10 mV∙s-1, and the electrolyte flow rate was ca. 6 µL/s. The 
arrows indicate the scan direction.
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Chapter IV Scientific Manuscripts 

This thesis contains reprints of eight manuscripts that have been submitted in scientific journals, peer-

reviewed, and published. Each manuscript is preceded by a shortlisting of its details, as well as the 

individual contribution of each author. The manuscripts can be divided into three parts: carbon material 

characterization and degradation (manuscripts in Part A), advanced carbon felt characterization via 

DEMS (manuscripts in Part B), and advanced carbon felt characterization via synchrotron X-ray 

radiography and tomography (manuscripts in Part C). 

The carbon material characterization and degradation in Part A includes the first manuscript (A1), which 

discusses several characterization techniques applied to three different commercially available carbon 

felts. All materials underwent various treatments, which represent several stages in the lifetime of a 

carbon felt electrode in a VRFB. The second manuscript (A2) provides a pore network modeling approach 

for carbon felt electrodes to investigate the electrolyte transport properties. In the third manuscript (A3), 

a novel method to synthesize carbon-carbon composite electrodes for VRFBs is presented and 

characterized thoroughly. In the final manuscript (A4) of this part various carbon characterization 

techniques and accelerated stress tests are applied in the context of polymer electrolyte membrane fuel 

cells (PEM-FCs). 

Part two of this thesis is the advanced carbon felt characterization by DEMS and contains two studies. 

The first (B1) introduces this method for carbon felts and discusses the influence of the electrolyte on the 

side reactions. The second study (B2) investigates the influence of the treatment methods, which were 

introduced in publication A1, towards the side reactions via DEMS. 

The third part of this thesis consist of two studies about the advanced carbon felt characterization via 

synchrotron X-ray radiography and tomography. The first study investigates the wetting behavior of 

carbon felts under several compression ratios and with electrolytes containing specific oxidation states 

of vanadium. Lastly, the second manuscript introduces a novel cell design for radiography and 

tomography and provides a study about the influence of the flow field design and the visualization of the 

electrowetting and side reactions. 
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Chapter V Summary, Conclusions, 

and Future Perspectives 

1. Summary 

This thesis aims to provide an extended insight into the carbon felt electrodes of vanadium redox flow 

batteries and suitable characterization techniques. The carbon felt electrodes are a crucial component of 

the battery since they facilitate the redox reactions of the electroactive species in the electrolyte. They 

provide a large surface area, due to their porous structure, and a sufficient number of active sites, which 

is affected by the chemical composition and pretreatment procedures. Additionally, each 

characterization technique itself unveils various aspects of the carbon felt and only the combination of 

several methods leads to a comprehensive insight. Moreover, the utilization of sophisticated methods, 

such as differential electrochemical mass spectrometry and synchrotron X-ray radiography and 

tomography, enabled an unprecedented view inside the vanadium redox flow battery. 

The first objective of this thesis was to develop an accelerated aging procedure to establish a systematic 

benchmark for carbon felt electrodes. The procedures include thermal treatment, which is widely utilized 

to increase the wettability and electrochemical performance of the carbon felt, as well as a chemical and 

an electrochemical aging to distinguish the influence of the acidic electrolyte and a long-term application 

in a full-cell of a vanadium redox flow battery, respectively. In the first publication (A1), the procedures 

were applied on three different carbon felt electrodes, which subsequently were characterized by a wide 

range of state-of-the-art methods to outline the effects of the accelerated aging, and to single out the 

differences in the carbon felt types. In a complementing study (A2), a pore network model was applied 

to investigate the transport properties of carbon felt electrodes for the first time in the context of 

vanadium redox flow batteries. The comprehensive characterization introduced in the first publication 

was also applied to carbon-carbon composite materials synthesized by a novel method. This provided 

extensive insight into the properties and performance of the composite materials and led to the 

publication reprinted in A3. Beyond that, the artificial aging procedures were also adopted in the context 

of the investigation on the carbon-based gas diffusion electrodes of fuel cell systems, as shown in 

publication A4. Here, the stability of a novel hydrophobic coating applied on electrospun gas diffusion 

electrodes was studied via previously introduced degradation protocols and characterization methods. 
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Based on the findings of Part A, Part B of this thesis applied the differential electrochemical mass 

spectrometry via a modification that enabled the mounting of a carbon felt electrode for the first time. 

This method provided an unprecedented insight into the influence of the electrolyte on the side reactions 

taking place on a carbon felt electrode by the comparison of vanadium-containing electrolyte and the 

solely sulfuric acid-based electrolyte (B1). Additional experiments in B2 focused on how the above-

mentioned accelerated aging procedures affect the side reactions and reveal how the stability of the 

carbon felt electrodes and their affinity to side reactions changes throughout the operational life of a 

vanadium redox flow battery. 

The third pillar of this thesis (Part C) comprises the comprehensive characterization of carbon felt 

electrodes via synchrotron X-ray radiography and tomography. In publication C1, a detailed study is 

presented that provides an experimental approach to the pore network model applied in Part A of this 

thesis. It investigated the influence of the electrode compression ratio and the vanadium species on the 

saturation – and thus utilization – of the carbon felt electrode. Here, a small sample size allowed a high 

resolution of the obtained images and an accurate measurement of the pressure drop during electrolyte 

injection experiments. This approach was previously applied to investigate fuel-cell materials and 

successfully adopted in the context of the vanadium redox flow battery for the first time. Based on these 

results, a consequential step was the development and design of a novel vanadium redox flow full-cell 

that enables a comprehensive investigation via synchrotron X-ray radiography and tomography. In the 

final publication (C2), a set of viable experiments were presented that investigate the electrolyte flow 

through the porous electrode in an operating vanadium redox flow battery. 

2. Conclusions 

The understanding of the interplay between the material properties of the carbon felts, such as the 

porosity and compression behavior, as well as the chemical composition and electrochemical behavior 

paves the way to the optimization of the performance of the whole vanadium redox flow battery. The 

comprehensive investigation in publication A1 shows that all types of carbon material where affected by 

the accelerated aging procedures. While graphitized PAN-based carbon felts are slightly more robust in 

comparison to graphitized Rayon based carbon felts, the stability and activity of carbonized PAN-based 

carbon materials plummet entirely. Nevertheless, the electrochemical performance of graphitized 

Rayon based carbon felts even shows a slight increase after the aging. The complementary study in 

publication A2 utilizes a pore network model and shows that the wettability of the electrodes strongly 

influences the pressure required for the electrolyte to invade into the electrode. The pore network model 

adds valuable information about the internal pore structure, the electrolyte invasion behavior, and the 

electrolyte saturation of carbon felt electrodes. Apart from common carbon felt electrodes, carbon-

carbon composite materials are characterized by various methods to obtain a thorough understanding 

of their features, as reported in publication A3. The extensive characterization reveals an enhanced 

surface area for the composite materials synthesized by the novel soft-templating approach, as well as 

increased electrochemical performance. In the context of fuel cells, the accelerated degradation 



  

Summary, Conclusions, and Future Perspectives 

Chapter V 

 

 

 

145 

protocols and a comprehensive characterization based on the previously established methods expose 

that the stability of the novel hydrophobic coating of the tailored gas diffusion layers is not sufficient for 

a long-term application in a fuel cell (see publication A4). The first part of this thesis shows the 

importance of a comprehensive characterization of carbon materials, as their material properties, their 

chemical composition and their electrochemical behavior are closely interconnected and thus influence 

the performance in a full-cell application. The introduction of a systematic benchmark via appropriate 

accelerated aging methods allows straightforward testing and comparison of various materials. 

In Part B of this thesis, a novel approach to obtain comprehensive information about the side reactions 

taking place on carbon felt materials was introduced by the utilization of DEMS. A modified flow-cell 

setup enables the mounting of carbon felt electrodes and allowed simultaneous mass spectrometric and 

electrochemical measurements. The comparison of vanadium-containing electrolyte and the sulfuric 

acid-based electrolyte in B1 reveals that the side reactions themselves are amplified by the vanadium. 

Furthermore, no oxygen evolution is detected, as the carbon corrosion is the dominant side reaction of 

the positive half-cell, even at a potential of 1.5 V vs. SHE. Additionally, the V4+/V5+ and V2+/V3+ redox 

couples can be quantitatively assessed in the confined volume within the carbon felt by cyclic 

voltammetry and coulometry measurements at stopped electrolyte flow. The consecutive study B2 

shows that the increased electrochemical performance of graphitized Rayon based carbon felts after 

undergoing accelerated aging procedures takes place at the expense of a strong increase in the affinity 

to side reactions. However, the results of this study also suggests a recycling path for aged carbon felts 

electrodes of the cathode, as they are less susceptible to the hydrogen evolution reaction and thus could 

be reutilized as anodic electrodes. 

The investigations via synchrotron X-ray radiography and tomography in Part C enable a unique insight 

into the carbon felt electrodes. Our electrolyte injection study C1 quantifies the effect of the common 

thermal activation procedure on the wettability of the carbon felt, as well as the influence of the 

electrode compression on the saturation and the pressure drop within the material. Moreover, it verifies 

the findings of the pore network model utilized in Part A and shows that the full utilization of the carbon 

felt is impeded by trapped air bubbles, which directly affects the overall performance of a vanadium 

redox flow battery. The novel cell design introduced in the final publication C2 consists of sufficiently 

large carbon felt electrodes to mitigate edge effects while still providing a feasible resolution and 

enabling various electrochemical measurements among a variable compression ratio and flow field 

design. The corresponding study reported a superior initial saturation of carbon felts in a flow-through 

configuration, whereas serpentine and interdigitated flow fields in a flow-by configuration showed a 

comparable behavior. Further results point towards a potential dependence of the saturation, which 

could be linked to side reactions that are taking place simultaneously. 
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3. Future perspectives 

In the first part of this thesis, the aging processes of carbon felt electrodes were studied intensively with 

a focus on the cathodic side of vanadium redox flow batteries. Albeit the high potentials lead to oxidation 

of the cathode surface, future studies should also be extended to the anodic half-cell, as the hydrogen 

evolution strongly influences the electrochemical performance. By the introduction of an anodic 

accelerated aging procedure analogously to the cathodic procedure presented here, the effect of the 

negative potential can be studied in detail. Additionally, by choosing a  vanadium(II) electrolyte, the 

conditions at a nearly charged VRFB can be mimicked. Subsequently, the aged carbon materials can 

undergo the characterization procedures presented in Part A and Part B to achieve a thorough 

understanding of the effects of anodic aging.  

Also, further characterization methods can be utilized to benchmark the mechanical stability of the 

carbon felts, as their fibers are subjected to a high potentially induced stress that can lead to reduced 

structural integrity, especially under the common compression conditions. This may result in possible 

dead zones of the electrode, as parts might lose the electrical contact to the current collector. As an 

additional method, the atomic force microscopy (AFM) can provide topographical and adhesion profiles 

of single fibers to gain novel data on a microscopic level that might complement the macroscopic 

approaches presented in this thesis. Various modeling approaches can also contribute to a deeper 

understanding of the electrode material and its properties. 

Furthermore, the studies presented in this thesis investigated PAN and Rayon based carbon felts, as they 

are the most common electrode materials. However, carbon materials in the form of woven cloths, 

papers, or even a combination of different types of material just recently arouse interest in the research 

community, as their partially tunable structural properties are highly influencing parameters, such as the 

electrolyte flow and thus might e.g. lower the pressure drop. [99,112] A different approach was 

presented in a promising study by Köble, in which conventional carbon felts were modified via activated 

carbon materials and electro-polymerization to increase the surface area and thus enhance the 

electrochemical performance. [34] Based on this approach, modifications and additives to the carbon felt 

electrodes or the electrolyte can be utilized to mitigate side reactions and thus boost the overall 

performance. Some approaches in the literature already point towards promising materials for 

comparable systems. [101,113–117] Besides, graphitized natural materials, such as bamboo due to its 

inherently outstanding fluid flow properties, can open new pathways to “green materials”. The methods 

presented in this thesis can provide a solid basis for the investigation of novel materials concerning 

stability, performance, and aging properties. 

The novel redox flow battery design presented in Part C of this thesis can be utilized to intensively study 

various components in the context of a full-cell via synchrotron X-ray radiography and tomography. This 

includes the above-mentioned novel electrode materials and electrolyte additives like tensides, as they 

could improve the wetting of the electrodes and thus the utilization. Additionally, advanced 

electrochemical measurements and full-cell measurements are feasible with this novel cell design, thus 
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enabling various operando studies. Such studies could reveal several factors that influence the 

performance, durability, and stability of the battery components in a spatially and time-resolved manner. 

In general, the research on vanadium redox flow batteries is thriving and in recent years various advances 

have been made to improve its different components, although the comparably high cost impedes a 

widespread implementation of this technology by now. Nevertheless, among the numerous pilot plants 

around the world, various companies and research facilities established vanadium redox flow battery 

systems, which are in part commercially available as large-scale batteries to support the power grid, or 

even in a small-scale as a storage system for private households. Accompanied by further advances in 

the research and engineering, and thus a reduction of the overall system costs, an increase of the market 

share of vanadium redox flow batteries is certainly possible. 
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3. List of Abbreviations 

 

AEM Anion exchange membranes 

CEM Cation exchange membranes 

CLS Canadian Light Source 

CNTs Carbon nanotubes 

CV Cyclic voltammogram 

DEMS Differential electrochemical mass spectrometry 

EDS Energy-dispersive X-ray spectroscopy 

EDX Energy-dispersive X-ray spectroscopy 

ESS Energy storage systems 

GO Graphene oxide 

HER Hydrogen evolution reaction 

ICE Internal combustion engine 

IEM Ion exchange membrane 

IPCC International Panel on Climate Change 

KARA Karlsruhe Research Accelerator 

OER Oxygen evolution reaction 

PAN Polyacrylonitrile 

PEM-FCs Polymer electrolyte membrane fuel cells 

PHES Pumped hydro energy storage 

PTFE Polytetrafluoroethylene 

RFBs Redox flow batteries 

SEM Scanning electron microscopy 

SHE Standard hydrogen electrode 

SPEEK Poly(ether ether ketone) 

TGA-MS Thermogravimetric Analysis coupled with Mass Spectrometry 

VRFB Vanadium redox flow battery 

XPS X-ray Photoelectron Spectroscopy
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