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Abstract 

The results of this work contribute to a deeper understanding of the kinetic processes in vana-

dium flow batteries. For this purpose, the electrocatalytic and physicochemical properties of 

industrially relevant graphite felt and related carbon-based materials were investigated. The 

use of several spectroscopic and microscopic methods allowed the mapping of the microstruc-

ture at different scales, the chemical composition, the electronic structure and finally the sorp-

tion and charge transfer processes by means of theoretical calculations and spectro-electro-

chemical investigations. 

Due to contradictory results in the literature regarding oxygen functional groups, this work 

aimed to establish clear relationships between surface structure and electrocatalysis. The anal-

ysis of chemically and structurally modified electrodes before and after electrochemical tests 

led to the identification of graphitic defects as active centers. After complete removal of oxygen, 

hydrogen terminated defects instead of surface groups were found to be the cause of catalytic 

activity. The attachment of pyrenes with different functionalities on the graphite surface 

served to demonstrate the effects of individual oxygen groups. 

To specify the effect of the different defect geometries, carbon atoms were substituted by phos-

phorus in model and real electrodes through thermochemical activation. The electrochemical 

performance was significantly increased by carefully considering all the electrode properties 

changed in the process. The investigation of the electronic structure of polycyclic aromatic hy-

drocarbons linked the electrocatalytic activity to the electrode architecture and the work func-

tion. Theoretical modeling defined interactions between the solvated vanadium ions and the 

substrates across various hydrogen- and oxygen-terminated edges. Finally, the thesis formu-

lates an experimentally and computationally supported innovative reaction mechanism by 

studying the electrode-electrolyte interface at an applied potential. 
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Zusammenfassung 

Die Ergebnisse dieser Arbeit tragen zu einem tieferen Verständnis der kinetischen Prozesse in 

Vanadium-Redox-Flow-Batterien bei. Dafür wurden die elektrokatalytischen und physikoche-

mischen Eigenschaften von industriell relevantem Graphitfilz und verwandten kohlenstoffba-

sierten Materialien untersucht. Der Einsatz von mehrere spektroskopischen und mikroskopi-

schen Methoden ermöglichte die Abbildung verschiedener Skalen der Mikrostruktur, die 

chemische Zusammensetzung, die elektronische Struktur und schließlich die kinetischen Vor-

gänge mittels theoretischen Berechnungen und spektro-elektrochemischen Untersuchungen.  

Aufgrund widersprüchlicher Ergebnisse in der Literatur im Themenkomplex funktionelle Sau-

erstoffgruppen hat sich die Arbeit zum Ziel gesetzt, eindeutige Zusammenhänge zwischen 

Oberflächenstruktur und Elektrokatalyse herzustellen. Die Analyse von Eigenschaften che-

misch und strukturell modifizierter Elektroden vor und nach elektrochemischen Tests führte 

zur Identifizierung graphitischer Defekte als aktive Zentren. Nach der vollständigen Entfer-

nung von Sauerstoff ergaben sich wasserstoffterminierte Defekte anstelle von Oberflächen-

gruppen als Ursache für die katalytische Aktivität. Die Anbringung von Pyrenen mit unter-

schiedlichen Funktionalitäten auf der Graphitoberfläche diente zum Nachweis der Effekte 

einzelner Sauerstoffgruppen.  

Um die Auswirkung der verschiedenen Defekt-Geometrien zu spezifizieren, wurden durch 

thermochemische Aktivierungen Kohlenstoffatome in Modell- und realen Elektroden durch 

Phosphor substituiert. Unter gezielter Berücksichtigung aller dabei veränderten Elektrodenei-

genschaften konnte so die elektrochemische Aktivität deutlich gesteigert werden. Die Unter-

suchung der elektronischen Struktur von polyzyklischen aromatischen Kohlenwasserstoffen 

verband die elektrokatalytische Aktivität mit der Elektrodenarchitektur und der Austrittsar-

beit. Theoretische Modellierungen definierten Wechselwirkungen zwischen den solvatisierten 

Vanadium-Ionen und der Substrate durch verschiedene wasserstoff- und sauerstofftermi-

nierte Kanten. Schließlich formuliert die Arbeit durch die Untersuchung der Elektrode–Elekt-

rolyt-Grenzfläche bei angelegtem Potential einen experimentell und rechnerisch gestützten, 

innovativen Reaktionsmechanismus. 
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1 Guiding Principles 

1.1 Role of Flow Batteries  

The flow battery is a relatively new type of electrochemical energy storage system compared 

to other technologies, and its various forms are becoming increasingly popular in research and 

development right now. Flow batteries can be described as a form of rechargeable fuel cells, in 

which energy is stored via electroactive species dissolved in a solution. There is a wide variety 

of technologies and chemistries available for their design, ranging from inorganic full-flow (va-

nadium[1], iron–chromium[2]), inorganic semi-flow (zinc–cerium[3], lead–acid[4]), to aqueous[5] 

as well as aprotic[6] organic electrolytes. Assuming it takes about 20 years for a technology to 

penetrate the market, the biggest time for flow batteries is probably yet to come; this also 

means that there is a race in development between different electrolyte chemistries. For com-

parison, 2019 Nobel Prize in Chemistry winners Goodenough, Whittingham and Yoshino con-

ducted the most significant part of their research on lithium-ion batteries in the 1970s to 

1980s.[7–9] Commercialization of the lithium-ion battery followed in 1991 in small-scale de-

vices, and the first electric vehicle saw the light of day in 2010. While there are approaches to 

potential vanadium-based flow batteries (VFBs) dating back to the 1930s and 1970s, success-

ful demonstration took Maria Skyllas-Kazacos and colleagues until the late 1980s to implement 

a technology not far away from that used today.[1,10–12] It is therefore unclear what can be con-

sidered the biggest obstacle to commercialization so far, but several points could be responsi-

ble: the high system costs, which only lead to profit with >20,000 charging and discharging 

cycles, the lack of a globally known and charismatic figurehead of the caliber of Elon Musk, or 

perhaps the nonexistent acceptance towards further complex energy storage systems to com-

plement the market offering by the population. 

While some newspapers try to promote a contest of supply not only between fossil fuels and 

the electrification of large parts of civilization—which requires green power from renewable 

resources such as wind energy, solar radiation or hydro power—but also between modern 

storage systems themselves, researchers around the world must refrain from considering one 

technology in competition with another. Rather the complementary capabilities of multiple 

systems that rely on a variety of materials and provide energy on demand at widely different 

scales should be emphasized. If all available lithium is on the road, other technologies, whose 

upscaling is also a lot easier and tremendously less dangerous, should be considered for 
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stationary energy storage. Salt water batteries can be installed near the coast to store offshore 

wind and tidal energy,[13] fuel cell technologies can be tailored for multiple purposes and scales 

to reach places not well-connected to the grid,[14] while aqueous flow batteries will be located 

near settlements and residents to benefit from energy generated by their own photovoltaic 

systems and the wind turbines next door.  

Especially when considering the capacity required to power an electrical society, it is crucial 

to have as many complementary technologies as possible. To illustrate the orders of magni-

tude: the capacity necessary to power electric vehicles is about 10,000 times greater than that 

required for personal battery devices. Meaningful storage systems for our electric grid then 

still require up to 10,000 times the capacity of a battery powered vehicle.[15] Flow batteries 

have the potential to close an existing gap for large-scale storage with their arbitrarily scalable 

energy density. To understand what this means and what makes the flow battery so unique, 

the next chapter explains how it works.  

1.2 Working Principle of Flow Batteries 

In comparison to many other energy storage systems, the installment of a flow battery is more 

complex because of the plenty components and the interplay of many engineering aspects. In 

this thesis, the VFB, one of the few commercialized technologies[16], has been the subject of 

investigation. Its general working principle and the most relevant cell parts are displayed in 

Figure 1-1a. The heart of each system is the symmetric power cell, whose two half-cells are 

divided by a proton exchange membrane, which guarantees charge separation between the 

two vanadium-based electrolytes. Each half-cell comprises two important components: (i) the 

porous electrode, which acts as an electrocatalyst to reduce or oxidize the dissolved vanadium 

ions with as little energy input as possible; (ii) the bipolar plate, which separates the single 

cells in a stack and connects the electrode to the current collector. Both must withstand the 

harsh environments of the acidic electrolyte and the continuous exchange of electrons. The 

resulting requirements are manifold, as the corrosion resistance and electrical conductivity 

should be high. Therefore, the manufacturing material for electrode and bipolar plate is most 

commonly graphite-based. For the bipolar plate, a polymeric binder is usually added to guar-

antee a dense and robust cell part which is not brittle and does not allow leakage.  
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Figure 1-1. Working principle of a VFB. (a) Schematic depiction, indicating the most relevant cell parts. (b) Redox 
reactions undergoing at the surface of the electrode in comparison to the electrolyte stability window. 

The concept of the VFB is based on the use of four oxidation states of vanadium ions—VII, VIII, 

VIVO2+ and VVO2+—which are present as electrochemically active species dissolved in an aque-

ous solution, the electrolyte. Usually, it comprises 2 to 3 M sulfuric acid with 1.5 to 2 M solvated 

vanadium ions. In the tank reservoir for the negative half-cell, VIII/VII species can be found, 

whereas for the positive half-cell a VVO2+/VIVO2+ redox couple is used (Figure 1b). During the 

operation of the battery, the following reactions take place: 

Negative half-cell: VIII + e− ⇌ VII (E0 = −0.25 V vs. SHE)  (1.1) 

Positive half-cell: VIVO2+ + H2O ⇌ VVO2+ + 2H+ + e−  (E0 = 1.00 V vs. SHE) (1.2) 

Total: VIII + VIVO2+ + H2O ⇌ VII + VVO2+ + 2H+   (1.3) 

To charge the battery, electrons provided by the oxidation of VIVO2+ are transferred through an 

external circuit from the positive to the negative half-cell and can thus reduce VIII. In a fully 

charged battery, only VII and VVO2+ are present in the electrolyte reservoirs. To equalize the 

charge imbalance, protons diffuse through the membrane to the negative side. The same reac-

tions take place in reverse when discharging. The power density of a VFB depends on the elec-

trode area, while the capacity of the system is determined by the amount of electrolyte, i.e., the 

number of vanadium ions available. In this way, both can be scaled independently and adjusted 

according to the surrounding and its requirements. The comparably low energy density is lim-

ited by the low solubility of highly oxidized vanadium and lies around 20 to 35 Wh kg−1. The 

temperature of the system must be monitored to prevent the precipitation of VVO2+ to V2O5. 

Since power electronics are required to operate the battery besides tanks, pipes and pumps, 

the energy efficiency of the overall system makes up 70 to 80%. In comparison, commercial 

lithium ion batteries reach up to 200 Wh kg−1 while offering an efficiency over 90%.[17] Since 
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VFBs are usually operated with an aqueous electrolyte, the potential window is limited by its 

side reactions, as depicted in Figure 1b. At higher potentials than 1.2 V vs. SHE, carbon corro-

sion under the formation of CO and CO2 at the electrode and the oxidation of water to O2 must 

be considered in the positive half-cell. Below a potential of −0.3 V vs. SHE on the other side, 

hydrogen evolution is a limiting factor. The VFB should furthermore be operated in the absence 

of oxygen because VII oxidizes immediately and VIII slowly, resulting in efficiency losses. Con-

tamination due to the migration of vanadium ions across the membrane, which are then corre-

spondingly oxidized or reduced in the other half-cell, also leads to capacity fading.  

1.3 Graphite Electrodes for Vanadium Flow Batteries 

The efficiency of the electrochemical cell is heavily defined by the electrocatalytic properties 

of the electrode. To meet the above-mentioned requirements, such as redox activity, acidic sta-

bility, and low selectivity towards the parasitic side reactions, the most commonly used elec-

trode material in VFBs is graphite. Carbonaceous electrodes are becoming increasingly popular 

for electrochemical energy storage and conversion devices such as batteries, supercapacitors 

and fuel cells.[18–20] Especially graphite scores with its low cost, abundance and high electrical 

conductivity. For VFBs, a few millimeter-thick graphite felt (GF) is used for the flow through 

configuration, in which electrolyte is continuously pumped through the electrode. Because of 

its porosity of up to 90%, a high surface area is available to facilitate the vanadium redox reac-

tions. To produce GF, polyacrylonitrile (PAN) is usually blended with co-monomers such as 

methyl acrylate for production and fabricated either by wet spinning or melt spinning. The 

product is oxidatively stabilized in air at 210 to 300 °C to allow ring closure of the nitrile 

groups. The fibers are then carbonized under inert gas at a temperature of 1100 °C, which leads 

to a controlled decomposition of the material to products such as H2, CH4, CO, and NH3. During 

the heating procedure, turbostratic carbon is formed, whose disorder in the z-direction de-

creases with higher temperature until the fibers are graphitized above 2500 °C. 

In graphitic materials, the surface structure determines the electrocatalytic activity and thus 

the efficiency of conversion from electrical to chemical energy and vice versa. To understand 

the structure and thus the properties of GF, we start with the fundamental building block of 

graphite, finite single-layer graphene (Figure 1-2a). It comprises two atoms per unit cell (A, B) 

forming a network of hexagonal sp2 hybridized carbon rings.[21] Only three electrons are re-

quired to form a covalent bond, resulting in the formation of a π-conjugated system. At its 

edges, graphene either has A and B as neighbors in an armchair configuration, or it exposes 
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one of the atoms in a zigzag formation.[22] The primitive cell in reciprocal space (Figure 1-2b,c) 

shows the high symmetry points Γ in the center, M in the middle of the sides, and K and K' at 

the edges. The electronic structure can be described by two π-states (π, π*) each belonging to 

a sublattice formed by A and B, respectively. These cone-shaped bands touch at the edges, de-

fining the Fermi level (EF) and making graphene a semiconductor with zero bandgap (Figure 

1-2d). Stacking multiple layers in z-direction widens the cone and increases the overlap area 

of the bonding and anti-bonding states (Figure 1-2e).[23] However, most of the charge carriers 

are located within a small energy gap from EF, the cutoff of their highest occupied molecular 

orbital being described as the valence band maximum (EVBM). 

 

Figure 1-2. The structure of graphite-based material. (a) Top view of a monolayer graphene in the real space, 
showing the two inequivalent atoms A and B, the vectors a1 and a2 spanning the unit cell, and the two possible 
carbon edge site configurations. (b,c) The reciprocal space unit cell with the first Brillouin zone (red hexagon), 
revealing the high-symmetry points: the Γ point within the center, the M point in the middle of a hexagonal side, 
and the K and K’ point at its corners. (d) Schematic band structure of graphene, showing the symmetric dispersion 
of the π and π* bands. (e) Schematic depiction of the graphite–electrolyte interface. 

The important properties of the electronic structure for electrochemical processes shall be il-

lustrated by describing the interface between graphite and vanadium-containing electrolyte 

(Figure 1-2e). At the surface of an immersed electrode, the so-called electrical double layer 
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forms.[24] While EF would theoretically match the equilibrium redox state of the solution, the 

arrangement of molecules and ions in the double layer as well as the alignment of the vacuum 

level (EVac) create a potential barrier, which must be overcome for successful charge transfer. 

The total number of electron donor or acceptor levels of the electrolyte, which are accessible 

to graphite (horizontal gray lines in Figure 1-2e), could thus be increased by shifting EF up-

wards, which is in theory achieved by doping[25,26], or by decreasing the work function (Φ = EVac 

− EF) which is debated based on the electrode material and the reaction under considera-

tion.[27–31]  

Since GF consists mostly of sp2 hybridized basal planes at the surface which possess low charge 

transfer kinetics, their reactivity must be tailored by a prior activation treatment, which dam-

ages the material.[32,33] The integration of surface defects such as edge sites has been shown to 

be a reliable way to improve its activity towards the vanadium redox couples.[34–36] Chemical 

stability and electrical conductivity of the material are preserved, while ions in the electrolyte 

find reaction sites with lower adsorption barriers.[37,38] For graphite, the edge orientation (Fig-

ure 1-2a) can play a role for its catalytic and electronic properties.[39,40] Due to the complicated 

interactions between morphology, surface chemistry, micro- and electronic structure, conclu-

sions in the literature diverge, making it difficult to find common activity descriptors.[41] Com-

plexity increases as one moves from model systems such as graphene or highly ordered pyro-

lytic graphite (HOPG) to heterogeneous, three-dimensional GF. However, a thorough 

understanding of these real electrodes is necessary to advance the development of systems 

that rely on their use. The influence of the surface structure and chemistry for graphite-based 

material on the electronic structure must be investigated to understand the activity-determin-

ing factor for the charge transfer across the interface. 

1.4 Surface Properties of Graphite 

For many electrochemical devices that use carbon-based materials such as electrolyzers, su-

percapacitors, and batteries, oxygen functional groups (OFGs, Figure 1-3a) are essential to fa-

cilitate electron transfer.[40,42–45] Nearly 30 years ago, a few years after the first successful 

demonstration of a VFB, a reaction mechanism based on hydroxyl groups was postu-

lated.[10,12,33] The research afterwards stagnated until the late 2000s, when the number of pub-

lications for (vanadium) flow batteries climbed exemplary in a short time (Figure S1). It is thus 

more remarkable that the original proposed reaction mechanism via OFGs is still regularly 

cited and reproduced in literature up to this year.[46–49] A lot of scientific and industrial activity 
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regarding VFBs focuses on improving GF by introducing OFGs through oxidative treat-

ments.[32,50–57] The later observed performance enhancement is then ascribed to an elevated 

quantity of surface oxygen.[45,58] However, there are contradictory results about the specific 

type of OFG, which should be responsible for the increased activity.[48,52,55,58,59] Only a few re-

search groups express serious doubt and discuss that especially the VVO2+/VIVO2+ reduction is 

obstructed by OFGs.[60–63] Both half-cell reactions should be investigated separately, since pos-

itive and negative electrodes respond differently to the surface oxygen concentration, which 

can mislead in symmetric full cell characterizations.[64–66]  

 

Figure 1-3. Schematic representation of the graphite structure. (a) Selection of graphitic oxygen functional 
groups that can be distinguished with XPS, and their respective decomposition temperature under inert gas. (b) 
Defective graphite cluster displaying a Stone‒Wales defect (C5‒C7), a single vacancy (CV), a disturbed ring at the 
edge (C5), and two types of edge sites (armchair and zigzag).  

A further complicating factor is that most of the oxidative procedures use harsh environments 

that as well damage the surface of the material and create defects such as edge sites and va-

cancies (Figure 1-3b). Edge sites provide faster electron transfer kinetics for redox reactions, 

which was also demonstrated specifically for the vanadium chemistry.[34,67,68] Theoretical cal-

culations have concluded that the graphitic basal plane is basically inactive and only edge sites, 

which form carbonyl groups because of dissociated water, serve as active sites.[69,70] Also in 

experimental work, the activity in both half-cells has so far been associated with oxidized edge 

sites.[68,71] However, in the evaluation of electrocatalysts, often only the properties before elec-

trochemistry are inspected, therefore neglecting the change in surface chemistry and micro-

structure induced by the electrolyte and the electric potential. It remains to be showed whether 

predictions on the activity can be made based alone on physicochemical characterizations after 

preparing an electrode. Based on multiple investigations after electrochemical testing, more 
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conclusions on the correlation between surface properties and catalytic activity might be 

drawn. 

1.5 Analysis of the Structural and Electrochemical Properties 

In Figure 1-4, the topmost surface layer of a graphitized GF is divided into three different clas-

ses according to the preparation procedure and can either preserve a graphene, a graphene-

oxide, or a reduced graphene oxide-like structure. The electrode shown in Figure 1-4a com-

prises an intact sp2 hybridized basal plane with a π-conjugated system and lacks contamination 

and functional groups. The structure of carbon-based materials is regularly studied by Raman 

spectroscopy, in which the intensity ratio of the defect-induced D and graphitic G band is used 

to quantify and qualify disorder.[72,73]  

 

Figure 1-4. Illustration of three fundamental graphitic surface structures commonly used to describe electroca-
talysis in vanadium flow batteries, and typical characterization tools used for their analysis. (a) Graphene-like 
electrodes characterized by Raman spectroscopy and positive half-cell CV. (b) Graphene oxide-like electrodes 
imaged by SEM and investigated by XPS. (c) Reduced graphene oxide-like electrodes studied by XRD, Raman spec-
troscopy and positive half-cell CV. 

The catalytic activity of an electrode is studied in a three-electrode half-cell comprising the 

electrolyte with vanadium-containing species, e.g., VIVO2+ for the positive or VIII for the negative 

half-cell. An electrode is considered active when reversible cyclic voltammetry (CV) curves 

close to the thermodynamic standard potential E0 can be obtained. For graphene, the overpo-

tential is high since the basal plane is electrochemically inert for vanadium.[34,71] Oxidative 

treatments such as thermal, chemical, or electrochemical activation introduce OFGs, classifying 
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the subsequently obtained surface as graphene oxide-like material (Figure 1-4b), which re-

veals a damaged surface with a decreased sp2 content. The presence of OFGs as hydroxyl, car-

bonyl, and carboxyl moieties can be investigated by photoelectron or IR spectroscopy. Oxida-

tive activation furthermore creates pores and corrosion-like pits on the otherwise smooth 

pristine GF, as it can be observed by electron microscopy. If the damaging exceeds the mechan-

ical tolerance of the material, its structural properties change and the long-range order is lost, 

resulting in an amorphous material with low electrical conductivity.[74] This material failure 

cannot be studied by surface sensitive methods, but requires bulk techniques such as X-ray 

diffraction (XRD). A deoxygenated electrode has a reduced graphene oxide-like structure with 

hydrogen-terminated edges (Figure 1-4c). The material surface is damaged by the ripping of 

carbon–oxygen moieties and reveals a more intense D to G ratio. In the displayed CV curves, a 

higher catalytic activity can be observed by a VVO2+/VIVO2+ redox peak, which lies at lower po-

tentials compared to graphene and originates from the more active edge sites compared to the 

basal plane. 

1.6 Outline of this Thesis 

The underlying thesis contributes to a fundamental understanding of the charge transfer pro-

cesses occurring at the graphite–electrolyte interface in VFBs. A major part of this work deals 

with the characterization of graphite-based materials such as GF, graphene, HOPG or polycyclic 

aromatic hydrocarbons (PAHs), putting special emphasis on finding activity-determining 

properties. For an in-depth understanding of this flamboyant material and its electrocatalytic 

activity, several analytical techniques to describe the microstructural properties on various 

scales, the surface chemistry and the electronic structure were used. 

The journey starts with diving into the available literature dividing the research community. I 

will provide an essayistic overview of important studies dealing with surface functionalization 

in Chapter 2, as well as formulating general and especially my personal research goals on the 

electrocatalysis of solvated vanadium ions at graphite. Chapter 3 introduces the experimental 

methods used in this thesis to provide the background necessary. A basic understanding of the 

goals and directions of each methodological approach will be sketched. The research presented 

in Chapter 4 can be considered the catalyst of my project: By investigating the surface proper-

ties of electrodes, such as chemistry and microstructure, before and after electrochemical test-

ing, I will discover several contradictions with the literature. My observations and theories will 

subsequently falsify the current reaction mechanism by using deoxygenated electrodes in 
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Chapter 5. In that manner, the electrocatalytic activity could be ascribed to hydrogen-termi-

nated defects instead of OFGs. PAHs as model electrodes are subsequently introduced in Chap-

ter 6 in the form of pyrenes. These PAHs bearing different OFGs were used to modify the basal 

plane of GF. While this study clearly shows that some moieties are detrimental to the electro-

catalytic activity, it is not always easy to fully link the surface chemistry to the activity, since 

still the microstructural characteristics of electrodes differ based on the pyrene used. How im-

portant it is to keep an in-depth view of all physicochemical properties is especially illustrated 

in Chapter 7. Heteroatom functionalization using boron and phosphorus is examined as active 

site. However, commercial doped graphene will show surprisingly low electrochemical perfor-

mance in half-cell electrochemistry due to its low long-range order and high degree of func-

tionalization. A rational design to efficient heteroatom functionalization of GF is subsequently 

developed and tested using polarization curves.  

Graphitic defects can meanwhile be considered the origin of the electrocatalytic activity of 

graphite for the vanadium redox reactions. However, defects come in various forms, such as 

the previously mentioned point defects which are partly tackled by doping. In Chapter 8, I will 

explore the influence of different edge geometries using multiple PAHs as model electrodes. 

Modified graphene powders show electrocatalytic variations regarding the architecture of the 

PAH, such as size of the conjugated system and edge geometry. By combining the results of 

different GFs and PAHs, it will be possible to link the activity not only to the micro- but also to 

the electronic structure of the material. The basal plane of graphite and edge sites comprising 

hydrogen and oxygen groups are furthermore investigated by density functional theory (DFT) 

calculations in Chapter 9. These simulations were conducted during a research stay at the 

Technical University of Denmark. Interactions between different surfaces and the vanadium 

ions will be modeled in vacuum to derive adsorption energies. The charge transfer probabili-

ties will be estimated by investigating overlapping molecular orbitals close to EF. Differences 

regarding the edge orientation and the oxidation state of the vanadium ion will be described. 

In Chapter 10, operando Raman spectroscopy on different graphite-based substrates is intro-

duced to study the structural changes of the electrode and identify intermediates under reac-

tion conditions. Only at active edge sites, an early conversion of the vanadium species will be 

followed by visible reaction intermediates and a direct interaction between the electrode and 

the electrolyte. To sum up the impact of my research and sketch interesting matters to be ex-

plored in the future, a concise summary and a general outlook are provided in Chapter 11. 
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2 Review of Electrode Activation Treatments 

Important previous research that specifically addressed OFGs and defects is summarized 

herein. The current state of knowledge is considered, and the previous conclusions are criti-

cally evaluated. The literature is divided into segments based on the electrode treatment, in-

cluding thermal, (thermo-)chemical, electrochemical, and plasma/radiation activation. How-

ever, it is not the aim to only review electrode treatments. Instead, attention is paid to the 

material used, its modified properties as concluded by the authors, and the associated inter-

pretation of performance enhancement or degradation. The literature was selected by paying 

special attention to interpreting the physicochemical data and which material properties were 

made responsible for activity alterations. The findings and how they build on or contradict 

each other are outlined in a chronological order. In the end, a perspective on how to advance 

research on the fundamental catalysis of graphite electrodes while avoiding contradictions is 

given, which will set the direction of this dissertation. 

2.1 Thermal Activation 

Oxidation at elevated temperature in ambient is the most used method for the activation of GF. 

The studies discussed in the following paragraphs are summarized in Table 1. Other treat-

ments must stand comparison with thermal activation for its simplicity and effectiveness. A 

major drawback, however, is the unreliability of the process, whose parameters not only de-

pend on the material but can even change within two supply batches.[75] Thermal activation 

increases the electrical double layer capacitance (EDLC) and improves the wetting properties, 

but these important parameters can diverge between two studied charges, which is related to 

their different surface chemistries. 

To improve its electrochemical performance, Sun and Skyllas-Kazacos thermally treated GF, 

which improved the energy efficiency by 10% in a symmetrical full cell.[32] This increase was 

attributed to surface-active hydroxyl and carbonyl functional groups. A reaction sequence in-

volving the formation of C–O–V intermediates facilitating electron and oxygen transfer was 

first proposed. However, the suggested half-cell mechanism was based solely on full cell meas-

urements. Therefore, Choi and co-workers aimed to separate the half-cells by investigating 

pristine and heat-treated carbon felt (CF) using impedance spectroscopy.[64] They found that 

the negative electrode was much more sensitive to heat treatment, and the highest charge and 
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discharge capacities were obtained by using activated CF as the negative and untreated CF as 

the positive electrode. They consequently suggested an inner-sphere mechanism for the 

VIII/VII, and an outer-sphere mechanism for the VVO2+/VIVO2+ redox pair. This raises questions 

about whether there is a relationship between total oxygen content and activity or even spe-

cific OFGs are necessary. Certain groups could complement the mechanism of the VIII/VII reac-

tion but not work accordingly for the VVO2+/VIVO2+ reaction, which would explain previous re-

sults. 

Different OFGs and their effects on CF were thus investigated, showing that thermal activation 

increased the hydroxyl, decreased the carbonyl, but did not affect the carboxylic group concen-

tration.[52] In half-cell experiments with rotating disk electrodes, the VIII/VII reaction rate con-

stant and exchange current density were enhanced, but reduced for the VVO2+/VIVO2+ reaction 

by heat treatment. Subsequent single-cell tests achieved a by 15% increased energy efficiency 

after exchanging the negative electrode for a heat-treated sample. In contrast, by changing the 

positive electrode, the efficiency was decreased by 2%. The improvement of the negative elec-

trode was attributed to the oxygen concentration supporting the inner-sphere electron trans-

fer process of the VIII/VII redox reaction, which was often discussed since electrodes without 

activation seemed to support the theory of an outer-sphere mechanism.[76] It was concluded 

that the efficiency of a full cell depends more on the negative than on the positive half-cell re-

action. However, this was proven incorrect by Fink et al. and Friedl and Stimming, who consid-

ered the rate constants of both vanadium redox reactions and proposed that they were of the 

same order of magnitude in both half-cells.[60,61] By studying different OFGs after thermal acti-

vation, they also concluded that all groups increase the wetted surface area and catalyze the 

VIII/VII but hinder the VVO2+/VIVO2+ kinetics. To investigate the limits of oxygenation, Pezeshki 

and co-workers doubled the atmospheric oxygen concentration during carbon paper (CP) heat 

treatment.[53] Since this resulted in an increased number of OFGs but lower cell performance, 

they concluded it is rather the increase in surface area responsible for the reduction of the 

activation overpotential. 

It can be expected that the variety of materials studied is crucial, as different intrinsic and sur-

face properties must be considered. Even with the same graphitized felt material, the influence 

of thermal activation varies depending on the fiber precursor. This was shown by Schweiss and 

colleagues, who studied pristine and activated GF produced of PAN and cellulose (Rayon) fi-

bers.[65] The oxygenated felts had no or only slightly adverse effects on the cell resistances and 

polarization curves using the positive electrolyte, which was shown by double half-cell 
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measurements. Because of the different results depending on the felt precursor, another influ-

encing factor was highlighted: the degree of graphitization. This was further explored by 

Langner et al. who graphitized and thermally activated felt electrodes at different tempera-

tures.[77] The peak currents and peak potential separation in the negative half-cell were in-

creased after thermal activation, regardless of the previous graphitization temperature. The 

treated samples exhibited an increased surface area, abundant OFGs, and a higher percentage 

of sp2 hybridized carbon by the removal of amorphous carbon during the heat treatment. In 

addition, increased disorder was characterized by Raman spectroscopy. The specific influence 

of one factor was difficult to isolate, so no conclusive statement could be made whether it is 

OFGs, edge sites, or the sp2 content that controls the VIII/VII redox activity.  

Table 1. A chronologically ordered list of literature that dealt with thermal activation and claimed to as a result 
change the electrochemical performance of the investigated material. 

Material Environment Investigated System Improvement  
related to 

Year Ref. 

GF 200–500 °C, 10–50 h, 
air 

full cell OFGs 1992 [32] 

carbon-baseda 400 °C, 20 h, air VVO2+/VIVO2+ sp2 content 2014 [74] 
GF (PAN) 403–575 °C, n/a, air EDLC surface chemistry 2015 [75] 
CP 400 °C, 15–35 h, 0–

42% O2 
single flow cell surface area 2015 [53] 

carbon-basedb 400 °C, 30 h, air VIII/VII, VVO2+/VIVO2+, single 
flow cell 

edge sites and OFGs 2015 [34] 

GF (PAN)c 400–600 °C, n/a, air VIII/VII OFGs, edge sites 2016 [77] 
GF (PAN, 
Rayon) 

400 °C, 1–20 hd, air VIII/VII, VVO2+/VIVO2+ OFGs, sp2 content 2016 [60] 

GF (PAN, 
Rayon)e 

n/a, air VIII/VII, VVO2+/VIVO2+ (single 
flow cell) 

OFGs, none 2017 [65] 

GF (Rayon) 400–600 °C, 9 h, air VIII/VII, VVO2+/VIVO2+, full cell OFGs, none, OFGs 2018 [66] 
CF 520 °C, 9 h, air full cell (impedance) OFGsf 2018 [64] 
CF 400 °C, 30 h, air VIII/VII, VVO2+/VIVO2+, single 

cell 
OFGs, none, OFGs 2019 [52] 

a carbon black, graphite flakes, carbon fiber 
b graphite foil, highly oriented pyrolytic graphite, carbon felt 
c graphitized at 1500 and 2000 °C for 1 h 
d PAN- and Rayon-based activated for 20 and 1 h, respectively 

e carbonized and graphitized 
f improvements are reported mainly for the negative electrode 

 

Model electrodes such as HOPG are used to distinguish the electrocatalytic properties of the 

basal and edge plane, with the latter providing faster electron transfer for both vanadium re-

dox pairs. Building on this knowledge, Pour et al. explored defects on heat-treated CP and rec-

ognized higher peak currents and smaller peak separations for the negative half-cell, associat-

ing the enhanced activity with oxygen-containing defects.[34] The positive half-cell reaction 

could not be enhanced by heat-treatment for vanadium concentrations typically used in 
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battery cells. Mazúr and colleagues specifically studied OFGs on GF and observed increased 

EDLC, disorder, and oxygen coverage, all of which subsided at higher temperatures because of 

destruction of the graphite structure.[66] They similarly observed a decrease in faradaic re-

sistances in the negative half-cell for functionalized electrodes. Whereas the oxygen-rich sam-

ple also had the best performance in the positive half-cell, in their full-cell impedance study 

using higher vanadium concentrations, the oxygen-rich GF did not show decreased charge 

transfer resistances.  

2.2 Chemical and Thermo-Chemical Activation 

To conduct chemical or thermo-chemical activation, the sample is treated in an aggressive en-

vironment or soaked in a solution and subsequently heated. Studies focusing on this technique 

are summarized in Table 2. Similar to their former study on thermal activation, Sun and 

Skyllas-Kazacos treated GF with hot sulfuric and nitric acid.[33] The full cell efficiencies were 

increased afterwards, and the activity of the best performing electrode was attributed to the 

higher number of OFGs. Gao and co-workers used iron-containing H2O2 solution to selectively 

hydroxylate GF.[78] They attributed the enhanced peak potential separation and cell efficiencies 

mainly to the increased number of surface oxygen, but found severely damaged electrodes us-

ing SEM. Jiang et al. made use of this damaging process and combined thermal activation with 

chemical etching to enable bi-porous GF.[79] The resulting electrode had more than twice the 

number of OFGs compared to thermally activated felt only, which was suspected to be the elec-

trocatalytic motif in both half-cell reactions over the seven times larger surface area and 

changed morphology. However, their thermally activated sample for comparison had no de-

fined redox peaks in the negative half-cell and was activated for a shorter period than the 

thermo-chemically treated felt.  

Carbon cloth (CC) as possible electrode material was investigated by Zeng and colleagues using 

alkaline hydrothermal treatment.[80] In their SEM results, the surface was not affected by the 

activation, but defects were observed in Raman spectroscopy. An increase in OFGs, mainly as 

hydroxyl and carbonyl groups, was revealed, and the active surface area, approximated by 

EDLC measurements, was nearly doubled for the treated material. In the positive half-cell, the 

treated and untreated sample was indistinguishable, which was explained by the lower num-

ber of OFGs compared to the literature. Activity enhancement in the negative half-cell reaction 

was fully attributed to OFGs, although the activity had a local maximum and decreased again 

at higher degrees of oxidation.  
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Table 2. A chronologically ordered list of literature that dealt with chemical or thermochemical activation and 
claimed to as a result change the electrochemical performance of the investigated material. 

Material Environment Investigated System Improvement re-
lated to 

Year Ref. 

GF H2SO4, HNO3, 3–15 h, inert 
gas 

full cell OFGs 1992 [33] 

GF (PAN) Fenton’s reagent VVO2+/VIVO2+, full cell OFGs 2013 [78] 
MWCNTs H2SO4, HNO3, 3–18 h, inert 

gas 
VVO2+/VIVO2+ none 2013 [81] 

GF (PAN) KOH, 800 °C, 2 h, inert gas VIII/VII, VVO2+/VIVO2+, 
full cell 

OFGs, edge sites 2016 [56] 

CC KOH, 6–12 M, 150 °C, auto-
clave 

VIII/VII, VVO2+/VIVO2+, 
full cell 

OFGs 2017 [80] 

GF (Rayon) FeCl3, 0.5 M, 400 °C, 6 h, air VIII/VII, VVO2+/VIVO2+, 
full cell 

OFGs, surface area 2017 [79] 

graphitic carbon 
powder 

H2SO4, HNO3, KMnO4, 100 
°C, 1h, inert gas 

VVO2+/VIVO2+ choice of material 2018 [63] 

 

Various research groups expressed doubts about the necessity of OFGs after chemical activa-

tion. Rümmler and colleagues studied graphitic carbon powders activated by oxygenating 

agents and found the activity of the electrode was not reflected by the respective oxygen con-

centration.[63] They concluded that the choice of material was more important than oxygena-

tion, but activation was still necessary to create hydrophilic surfaces for improved diffusion 

and sorption kinetics. Friedl et al. studied the electron transfer kinetics of the positive redox 

couple on multi-walled carbon nanotubes (MWCNTs).[81] While functionalization for the 

FeIII/FeII system led to a tenfold increase in current density, the activity of the VVO2+/VIVO2+ 

reaction was decreased by OFGs. They concluded these groups played no role in the vanadium 

electrocatalysis, but slowed the mobility of vanadium ions. Zhang et al. modified GF with KOH 

and attributed increased wettability, lower peak potential separation and higher peak current 

ratios for both half-cells and higher efficiencies and capacities in the full cell to OFGs.[56]  

2.3 Electrochemical Activation 

Electrochemical activation is attractive for commercial applications, as it allows the input of 

pristine material followed by activation within the assembled cell. Many researchers therefore 

performed potential-driven activation directly in the battery electrolyte. However, there are 

differences in terms of electrolyte concentration, electrochemical protocols, and the material 

studied, as shown in Table 3. The positive half-cell reaction kinetics were investigated by 

Wang et al. on oxidized graphite disks activated by anodic polarization.[82] The higher rate con-

stant and activation energy was attributed to an increased number of OFGs, enhancing the 
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wetting properties of the material and promoting charge transfer. With the applied potential, 

the damage to the material increased. Kabir and co-workers studied the negative half-cell using 

electrochemically oxidized HOPG.[83] Their sample exhibited several oxygen-related functional 

groups after activation, which were held responsible for the enhanced electron transfer prop-

erties. 

Table 3. A chronologically ordered list of literature that dealt with electrochemical activation and claimed to as a 
result change the electrochemical performance of the investigated material. 

Material Environment Investigated  
System 

Improvement  
related to 

Year Ref. 

GF (PAN) 1 M H2SO4, 5–15 Va VVO2+/VIVO2+, full 
cell 

OFGs (carboxylic) 
and surface area 

2007 [84] 

graphene 
oxide 

PBSb, −0.8 to −1.6 V vs. SCE, 3 min VIII/VII, 
VVO2+/VIVO2+, full 

cell 

OFGs (carbonyl) 2013 [50] 

CF, GF 2 M vanadium, 4 M H2SO4, −2.0 to 
1.5 V, 60 s  

VIII/VII, 
VVO2+/VIVO2+, full 

cell 

OFGs 2016 [85] 

carbon 
basedc 

1.5 M vanadium, 4.5 M H2SO4, −2.25 
to 1.6 V vs. Hg/Hg2SO4, 60 s 

VIII/VII, VVO2+/VIVO2+ OFGs 2016 [86] 

graphite 
disc 

0.1 M VIVO2+ + 3 M H2SO4, 1.5–1.9 V 
vs. SCE, 10 min 

VVO2+/VIVO2+ OFGs 2016 [82] 

HOPG 1.0 M H2SO4, 2.1 V vs. Ag/AgCl, 1 
min 

VIII/VII OFGs 2017 [83] 

GC 2 M H2SO4, 0.5–2 V vs. Hg/Hg2SO4, 
30 s 

VIII/VII, VVO2+/VIVO2+ OFGs (hydroxyl), 
OFGs (carboxylic) 

2018 [59] 

Graphite 
discd 

2 M H2SO4, 2.2 V vs. RHE, 5 min VIII/VII OFGs and edge sites  [71] 

a a two-electrode setup was used (titanium as counter electrode) 
b PBS: phosphate buffer solution (KH2PO4/K2HPO4, pH 5.1–5.5) 
c GC: glassy carbon, carbon paper, carbon xerogel, carbon fibers 
d edge and basal plane exposed 

Many scientists who agree on the functionality of surface oxygen still discuss the differences in 

specific OFGs and believe that only one or two catalyze the vanadium redox reactions. Li et al. 

attributed an improvement of the positive half-cell reaction by oxidized GF to the increased 

number of carboxyl groups.[84] Other researchers reduced graphene oxide electrochemically 

and observed increased activity in both half-cells by implementing carbonyl groups.[50] Noack 

and co-workers studied polarized GF and found that the reaction rates increased.[59] However, 

the negative half-cell reaction was steadily improved with applied potential, while the positive 

half-cell reaction had a local kinetic minimum. A correlation was found between the activity of 

the VVO2+/VIVO2+ redox couple and the number of hydroxyl groups. No such correlation was 

present for the negative half-cell, but because of the lack of links with roughness factors or 

surface area, the activity of carboxylic groups was discussed. 
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More detailed studies note the difference between the vanadium half-cells and investigate the 

influence of activation conditions. It was demonstrated by Bourke et al. for several carbon-

based materials that the VIII/VII reaction is enhanced by anodic, and the VVO2+/VIVO2+ reaction 

by cathodic polarization.[86] In both cases, they suspected the influence of OFGs whose oxidized 

or reduced state would not correspond to the state in which the respective redox reaction oc-

curs. In a later study, they reported their results were not related to a change in surface area, 

but to altered surface chemistry.[85] Anodic treatment, which inhibits the positive half-cell re-

action, leads to a highly oxidized surface. In contrast, cathodic treatment, which enhances the 

VVO2+/VIVO2+ redox reaction, resulted in a composition like the untreated sample with rather 

low oxygen content. 

The role of defective sites after electrochemical treatment is less prominently discussed, but 

Taylor and coworkers studied basal and edge exposed electrodes before and after electro-

chemical oxidation and stated that edges provide faster redox kinetics in the initial state.[71] 

After oxidation, the edge surfaces catalyzed the parasitic hydrogen evolution reaction and were 

subsequently less active for the VIII/VII redox couple. For the oxidized basal surface, prolonged 

cycling resulted in a sharp drop in activity, which was attributed to unstable OFGs. 

2.4 Plasma/Radiation Activation 

To integrate abundant OFGs on the surface of GF, plasma or irradiation exposure, occasionally 

followed by a chemical treatment, is explored (Table 4). Kim et al. investigated the influence 

of mild oxidation, plasma treatment and gamma-rays on the electrochemical performance of 

CF.[87] They concluded that the number and type of OFGs are crucial for the redox kinetics. The 

importance of hydroxyl groups is emphasized to enhance the efficiency of the VVO2+/VIVO2+ re-

action. In a later study, they enriched the surface of GF with OFGs by combining a plasma pro-

cedure to create dangling bonds with a subsequent H2O2 treatment to saturate these bonds 

with oxygen.[45] According to their interpretation, OFGs provided faster charge transfer and 

improved the wettability. However, only an effect on the negative half-cell and almost no im-

provement of the peak current and potential separation in the positive half-cell was observed.  
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Table 4. A chronologically ordered list of literature that dealt with plasma treatment or radiation and claimed to 
as a result change the electrochemical performance of the investigated material. 

Mate-
rial 

Environment Investigated  
System 

Improvement 
related to 

Year Ref. 

CF 
(PAN) 

300–600 °C, 5 h, air; O2 plasma, 1–10 min; 
gamma-ray, 50–200 kGy, RT, air 

full cell OFGs and sur-
face area 

2011 [87] 

CF 
(PAN) 

Corona discharge, 4 A, 15 s, air; H2O2 
(30%), 1 h 

VIII/VII, VVO2+/VIVO2+, 
full cell 

OFGs 2014 [45] 

GF 
(PAN) 

O2 plasma, 2–60 min; H2O2, 1 h full cell OFGs (carbox-
ylic)a 

2016 [58] 

GF 
(PAN) 

N2 plasma, 40 min,  VIII/VII, VVO2+/VIVO2+, 
full cell 

defects 2019 [88] 

a negative effect for hydroxyl and carbonyl groups 

Estevez et al. combined oxygen plasma and chemical treatment and found that carboxylic 

groups improved the energy efficiency by about 8%, while hydroxyl and carbonyl groups had 

a negative impact.[58] No microstructural changes were observed on the electrodes by SEM af-

ter the procedure compared to the untreated felt. By switching from an oxygen to a nitrogen 

plasma treatment, Dixon and coworkers showed that the induction of structural defects can 

improve the half-cell redox kinetics, especially for the VIII/VII reaction.[88] Since the oxygen con-

tent on the surface remained unchanged, the increased charge and discharge capacities in a full 

cell were attributed to a higher disorder. 

2.5 Perspective 

The literature dealing with how the catalytic properties of carbon-based materials for vana-

dium redox reactions are affected by integrating surface oxygen was summarized. The selected 

publications differed in their activation method, the material studied, the systems explored, 

and the data interpretation. The conclusions drawn based on a physicochemical characteriza-

tion of the procedures are contradictory. OFGs are regularly held responsible for the showed 

increased electrochemical performance.  

When discussing surface chemistry and associated changes after a treatment, it is important to 

note that oxidized or reduced states are likely to be unstable over the potential ranges exam-

ined. When the oxygenated sample activated at positive potential is cycled in the negative half-

cell, most of the previously introduced OFGs are expected to be removed, explaining the re-

duced concentration of surface oxygen after electrochemistry.[85] The surface chemistry and 

structure must thus be analyzed after electrochemical testing to gain a more in-depth view of 

the relevant material properties. In contrast, OFGs are more persistent or are generated in the 

positive half-cell, which is why the importance of their presence on a treated electrode might 
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be overestimated. It was calculated that the VVO2+/VIVO2+ redox reaction does not require the 

transfer of an oxygen atom, as several studies suggested.[70] Instead, proton exchange could 

occur via the oxygen atoms surrounding the vanadium ion or without the involvement of oxy-

gen at all. A recent computational study suggests that sp3 groups at the surface handle the ac-

celeration of the positive half-cell redox reaction and oxygen groups can be considered a by-

product of this hybridization.[38] Instead, the authors propose non-oxidative activations should 

be performed to maximize this effect. Further computational studies should also consider the 

energy barriers for electron transfer at oxygen-free graphite defects. 

Once a scientific theory is established in a community, it is difficult to challenge it. Phenome-

nological observations by studying the physicochemical properties of catalysts are used to ex-

plain aspects of the electrocatalytic activity. However, for complex systems such as graphite, 

not only one property should be held responsible, since lots of changes can be monitored. Es-

tablished theories might be reproduced while other properties are neglected. In catalysis re-

search, it is common for mechanistic studies to examine the material after it is used to draw 

reliable conclusions. However, this is rarely done within the VFB community, also because of 

the complexity of the surface of GF. To develop reliable mechanisms, one must paint a picture 

of the changing material properties during electrochemistry. Therefore, operando techniques 

should be applied to learn more about solid–liquid interactions and how molecules and atoms 

adsorb and migrate, how their coordination spheres change, and how ions and charges are ex-

changed.  

There are lots of open questions that need to be discussed, especially when it comes to gra-

phitic defects: it is unclear how edge sites and vacancies behave differently in catalysis and 

how we can selectively introduce them into real electrodes. Armchair edges might have differ-

ent properties than zigzag edges, which affects activity in other reactions such as oxygen evo-

lution or reduction.[40,89] These effects on vanadium redox reactions remain to be investigated. 

Furthermore, the size contribution of the π-conjugated system must be evaluated more pre-

cisely. This might help in finding the correct balance between electrical conductivity and 

enough defect sites for electron transfer. In addition, the interplay between microstructure and 

electronic structure needs to be understood. With an efficient activity descriptor from an elec-

tronic point of view that can be evaluated experimentally and theoretically, other parameters 

will be easier to compare. 
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3 Experimental Methods 

This chapter is intended to provide the reader with enough information to follow the discus-

sion of the results. It is not meant to be a copy of textbook information that is widely available 

in more detail. Therefore, the emphasis of a method will be less on the working principle and 

its physical and chemical background, but more on the capability of the method explicitly on 

the herein studied system. Experimental details on the techniques covered in this chapter and 

other methods used can be found in the Appendix A.   

 

Figure 3-1. Schematic depiction of the analytical techniques used in this thesis. Physicochemical techniques for 
the investigation of microstructural properties are written in blue, and for the evaluation of the electronic struc-
ture in red. 

Figure 3-1 provides an overview of the main analytical techniques used in this work. The goal 

was to obtain a holistic view on the characteristics of the carbon-based electrode material by 

combining half-cell electrochemistry with techniques to study the microstructure and elec-

tronic structure. For the investigation of the microstructural properties on several scales, SEM, 

Raman spectroscopy, and XRD were employed. The electronic structure was studied by X-ray 

and UV photoelectron spectroscopy and reflection electron energy loss spectroscopy (REELS). 

Furthermore, the electrical conductivity under compression was investigated. The chapter 

concludes with a description of the DFT calculations performed during a research stay at the 

Technical University of Denmark. 
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3.1 Electrochemistry 

Electrochemical reactions use electrons (i.e., a current flow) as an educt to enable chemical 

change. To advance the charge transfer at the interface, an external potential is applied. A re-

action takes place at the interface between an electrode and the ion-containing electrolyte, 

when the free reaction enthalpy G, which can be calculated according to 

𝐺 = −𝑛𝐹𝐸𝑅𝑒𝑑𝑜𝑥, (3.1) 

is lower or equal to zero. F stands for the Faraday constant (96,485 C mol−1) and n for the num-

ber of electrons involved in the reaction. The concentration of the redox couple in the electro-

lyte changes due to reactions and so does the redox potential. To determine this, the Nernst 

equation is used: 

𝐸𝑅𝑒𝑑𝑜𝑥 = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln⁡(

𝑎𝑜𝑥

𝑎𝑟𝑒𝑑
). (3.2) 

E0 is the standard potential of the reactants, a is the activity of the redox couple, T the temper-

ature and R the universal gas constant (8,314 J K−1 mol−1). The standard potential is usually 

expressed regarding the standard hydrogen electrode (SHE), which marks the zero point, but 

can be shifted for convenience (e.g., 𝐸Vac = 𝐸SHE − 4.44⁡V or 𝐸Ag/AgCl = 𝐸SHE + 0.21⁡V).  

The Nernst equation describes the potential at an electrode in the equilibrium case and without 

a current flow. However, electrochemical reactions rarely proceed at the thermodynamic 

standard potential because of kinetic hindrances. To lower the activation energy, which de-

scribes the interfacial barrier that must be overcome to transfer charges effectively, electro-

catalysts are used. The primary figures of merit to evaluate the suitability of a catalyst are ac-

tivity, stability, and selectivity. Even though all three are equally important, in this work mostly 

the activity is considered. The goal is therefore to reduce the overpotential η necessary to drive 

the reaction. It is crucial to know how much current per electrode area (i.e., current density j) 

is received regarding the potential applied. This relationship is described by the Butler–Volmer 

equation: 

𝑗 = 𝑗0 {𝑒𝑥𝑝 [
𝛼𝑛𝐹𝜂

𝑅𝑇
] − 𝑒𝑥𝑝 [

(1 − 𝛼)𝑛𝐹𝜂

𝑅𝑇
]}. 

(3.3) 

The equation comprises an anodic and a cathodic term, in which the charge transfer coefficient 

α, a dimensionless symmetry factor ranging from 0 to 1, determines the direction of the 
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reaction which is biased by the applied potential. The exchange current density j0 describes the 

current density without an overpotential present. 

Abundant electrochemical methods have found their way into multiple branches of materials 

science, chemistry, and engineering. Several electrochemical cells for this purpose are availa-

ble in specialized shops and were partly also used for this work. However, the classical aqueous 

electrochemical measurements, which are usually performed in these cells, either use rod elec-

trodes with just a small area exposed to the electrolyte, or disperse small amounts of powder 

on top of an (inert) electrode. For the investigation of GF, these cells do not quite meet the 

requirements for several reasons: Because of the inhomogeneity of GF, it makes sense to meas-

ure a large surface area of the material to receive good approximations. However, since the 

counter electrode should not be the limiting factor of the reaction, the size of the piece used 

must be significantly larger than that of the working electrode, which must be considered in 

the resulting size of the apparatus. It is furthermore common practice in the RFB community 

to attach GF to a thin wire, which is then connected to the potentiostat with a crocodile clip. 

However, this leads to considerable contact resistances, especially for high currents. 

 

Figure 3-2. Three-electrode cell used for electrochemical half-cell experiments with porous felt electrodes. 

The three-electrode setup shown in Figure 3-2 was constructed by computer-aided design us-

ing the Autodesk Inventor software, and solves these problems. The main part of the cell con-

sists of the body, which serves as an electrolyte reservoir. While the working electrode is fed 

by specially cut pieces from the side of the device, there is plenty of room in the body for a large 

piece of felt as a counter electrode. Slightly offset in the direction of the sample, a commercial 
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or custom-built reference electrode can be attached from the top. Since GF is thicker compared 

to its backing plate, one entire side of the felt can be contacted to the gold-coated copper cur-

rent collector via a GC plate as a bridge, improving the electrical contact. Since each part of the 

cell can be replaced and designed individually, it is possible to vary the geometry of the work-

ing electrode as required. 

 

Figure 3-3. Schematic depiction of experiments involving the CV technique. (a) Evolution of the potential with 
time during an experiment, starting the experiment at an initial potential (EI), increasing the potential up to the 
vertex potential (EV), before decreasing the potential again toward the final potential (EF). (b) Current–voltage 
profile for the experiment in (a). (c) CV curves of the same redox reaction recorded at different scan rates. (d) 
Linear relationship between the peak currents in (c) and the square root of the scan rate. (e) Current–voltage 
curves for a non-faradaic potential region at different scan rates. (f) Linear relationship between the current at 
an arbitrary potential from (e) and the scan rate.  

In a three-electrode configuration, the current flow is measured between the working and the 

counter electrode, while the potential is measured between the working and reference elec-

trodes. This arrangement allows the half-cell reactions to be studied only at the sample, with-

out considering the electrochemical reactions at the counter electrode. The reference is used 

as a second half-cell with a fixed potential to monitor the changes in cell voltage. Mostly two 

standard techniques, CV and Electrochemical Impedance Spectroscopy (EIS), were used in this 

work.  

CV: a special technique to record current–voltage curves at a specific scan rate in one direction 

of the potential and backward (Figure 3-3a). This allows to not only record an 
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oxidation/reduction but also the corresponding reduction/oxidation back reaction (Figure 

3-3b). An advanced form of CV is, for instance, alternating the scan rate in the same potential 

window (Figure 3-3c). The resulting current behavior of a redox wave as a function of the scan 

rate can provide important information about the limiting factor of a reaction (diffusion vs. 

mass transfer) according to the Randles–Sevcik equation (Figure 3-3d). In a non-Faradaic po-

tential window, the same technique can evaluate the EDLC of an electrode, which is closely 

related to the electrochemically active surface (Figure 3-3e,f).  

EIS: allows the determination of the electrical resistivity of the electrolyte when recorded at 

no applied potential, or the charge transfer resistance (RCT) of a redox reaction when recorded 

at a potential where charges are exchanged between the electrode and electrolyte. The spectra 

were fitted using the equivalent circuit diagram displayed in Figure S25 or a slightly modified 

version of it. 

3.2 Microstructure 

Scanning electron microscopy (SEM): Conventional SEM images are created by screening 

the surface of a sample with an electron beam and detecting the yield of secondary electrons 

(<50 eV) ejected. The contrast in a picture is created by the different height and orientation of 

particles. SEM can thus determine the size and shape of structures, but also reveals information 

on the composition by the diffraction pattern of the electrons or the investigation of backscat-

tered electrons or the detection of characteristic X-rays. Unmodified GF comprises ~10 μm 

thick randomly entangled graphitized fibers, which show a smooth surface with visible stripes 

from the wet-spinning process (Figure 3-4a).  

Raman spectroscopy: Collecting the inelastically scattered photons of a sample, which is ir-

radiated by monochromatic light, with a detector and filtering the intense signals due to elastic 

Rayleigh scattering characterizes a sample. Raman spectroscopy is one of the most versatile 

techniques for studying carbon-based materials such as disordered and amorphous carbon, 

fullerenes, nanotubes, diamonds, graphene, and graphite. By searching the Web of Science with 

the keywords "Raman carbon," readers can choose from >57,000 publications since 1945. The 

technique is fast, nondestructive, offers high resolution, and provides very detailed structural 

information. Disadvantages are a direct consequence thereof: Due to the small number of scat-

tering features in a graphite-based sample and the high information content in each vibrational 

band, the interpretation process is complicated. Depending on the properties of a material, 
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spectral features can vary in shape, position, and relative intensity. Often these individual 

peaks overlap and must first be separated in a deconvolution process. 

The main features in a Raman spectrum of GF (Figure 3-4b) comprise the G band at ~1590 

cm−1, associated with a first order E2g longitudinal optical phonon mode, resembling the in-

plane stretching of C=C bonds, and the D band at ~1335 cm−1, induced by disorder such as 

edges, stacking fault, or atomic defects, corresponding to an A1g breathing mode of a six-atom 

C-ring.[90–93] At higher wavenumbers, the spectrum is dominated by the second-order D band 

(2D) at 2660 cm−1, which is a result of two D band phonons with opposite momentum. The 

intensity ratio of the D and G band provides useful information such as the degree of disorder 

in the sample.[73,94] The origin of the observed defects is evaluated by the ratio of the D and the 

D’ band, in which a ratio of ~3.5 corresponds to grain boundary defects such as edge sites, and 

higher ratios to vacancy-like (~7) or sp3 type (~13) defects.[95] 

 

Figure 3-4. Analytical techniques used in this work, exemplary illustrated for pristine GF. (a) SEM, (b) Raman 
spectroscopy, (c) XRD, (d) XPS, (e) UPS, and (f) REELS.  

Operando Raman spectroscopy: There is a growing interest in the development of analytical 

tools to study chemical processes occurring on an active catalyst under working conditions 
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through the use of in situ characterization techniques.[96,97] The term in situ is commonly used 

to describe the acquisition of spectra at the same location where the sample is treated, while 

operando more precisely describes the simultaneous use of an additional analytical technique 

to determine a chemical change under working conditions.[98] The difficulty is to apply tech-

niques that not only detect the bulk of a material, but allow monitoring of surface changes, 

reaction intermediates or adsorption processes. Nowadays, in situ spectroscopy of catalysts is 

done by using by a variety of techniques such as IR, Raman, X-ray absorption, nuclear magnetic 

resonance, UV-vis, and Mössbauer spectroscopy.[99] 

Raman spectroscopy is particularly suitable for operando investigations as it uses visible light 

and allows observation of catalysts by irradiation through transparent windows. It is also ap-

plicable at higher temperatures and enables monitoring of thermal decomposition or experi-

ments at elevated pressure.[98,100] In particular, it provides strong signals for typical catalyti-

cally active sites, such as molecular metal–oxygen vibrations.[101] A review of the literature 

from about 1970 to 2010 revealed that Raman studies on catalysts increased greatly after 1995 

due to the growing interest and applicability of in situ techniques to determine the active 

site.[101] About 25% of the available Raman literature today deals with in situ spectroscopy and 

considers the dynamic response of the Raman signal to environmental factors such as concen-

tration, temperature or pressure. 

X-ray diffraction (XRD): X-rays have wavelengths in the Ångstrom range and are energetic 

enough to penetrate solids, allowing characterization of their internal structure. Conventional 

X-ray sources consist of a target (e.g. copper), which is bombarded with high-energy electrons. 

Taking the characteristic Cu–Kα line as an example, an electron can create a core hole in the K-

shell of the target, which is then filled by an electron from the L-shell under emission of an X-

ray quantum. Diffraction is accounted for by the elastic scattering of these X-rays by periodi-

cally arranged atoms in a lattice. The design interference of these scattered X-rays allows the 

lattice spacing d to be derived using Bragg's law: 

 𝑛𝜆 = 2𝑑 sin 𝜃, (3.4) 

in which the integer n describes the order of reflection, λ the wavelength, and θ the angle be-

tween the incoming X-rays and the reflecting lattice plane. A diffractogram is measured as a 

function of the angle 2θ. Polycrystalline samples must be rotated during the measurement to 

increase the number of particles participating in the diffraction process. In this work, XRD was 

not used to distinguish between different phases or structures. The goal was to characterize 
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subtle variations in the long-range order after a modification procedure or between several 

graphitic materials to characterize differences not only at the surface but also in the bulk. Pris-

tine GF reveals Bragg reflections corresponding to the 002, 101, 004, and 110 planes located 

at 2θ = 26.5, 42.4, 54.6 and 77.5°, respectively (Figure 3-4c).[102] 

3.3 Electronic Structure  

X-ray photoelectron spectroscopy (XPS): XPS provides information about the elemental 

composition of a sample and the oxidation state of the elements present. The technique is 

based on the photoelectric effect: an atom absorbs a photon and subsequently emits an elec-

tron, which can be collected by a detector measuring its kinetic energy EKin. Knowing the work 

function Φ of the spectrometer, according to the equation 

𝐸𝐾𝑖𝑛 = ℎ𝜈 − 𝐸𝐵𝑖𝑛 −Φ (3.5) 

the binding energy EBin of the electron is calculated, allowing the determination of its elemental 

origin. Additionally, the ion which released an electron can be de-excited by receiving an elec-

tron from a higher shell. The energy released in this process can be enough to emit another 

electron with lower kinetic energy, the so-called Auger electron. GF reveals a prominent C 1s 

and O 1s signal at ~285 and ~533 eV due to carbon and oxygen, respectively (Figure 3-4d). 

Furthermore, their corresponding Auger lines C KLL and O KLL are visible at higher binding 

energies. The deconvolution to separate overlapping peak signals is in detail described in the 

Appendix A. 

UV photoelectron spectroscopy (UPS): The difference between UPS and XPS is the use of UV 

light instead of X-rays. Consequently, the excitation energy is a lot lower which limits the emis-

sion of photoelectrons to valence electrons. Therefore, UPS is extremely powerful in probing 

the electronic structure close to EF on the surface of a material, the density of states (DOS). The 

threshold close to EF allows the evaluation of the EVBM. In that manner, the energy gap between 

the upper limit of the 2p–π electrons and EF can be evaluated for GF (Figure 3-4e). The degree 

of graphitization can be estimated by the relative intensity of the 2s–σ signal. The spectrum 

can be shifted to higher binding energies by applying a bias voltage. As a result, a clear energy 

cut-off allows the determination of the sample’s work function Φ since 𝐸𝐾𝑖𝑛 = ℎ𝜈 − ⁡Φ equals 

zero at that point.  
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Reflection Electron Energy Loss Spectroscopy (REELS): involves a beam of monoenergetic 

electrons, which regarding to its energy can excite lattice vibrations, molecular vibrations of 

adsorbents, or electronic transitions. In the spectrum it is shown how much energy the inelas-

tically scattered electrons have lost due to the previously mentioned scattering processes. For 

GF, a peak arising due to the π–π* transition at ~6 eV can be seen (Figure 3-4f), whose inten-

sity and position depends on the defectiveness of the carbon surface. 

3.4 Electrical Conductivity  

The electrical conductivity of GF is of vital importance for the battery efficiency. Due to the 

thickness of the flow-through electrodes, charges must be transferred from the reaction cen-

ters close to the membrane all the way toward the current collector. The number of conductive 

pathways should thus be high to reduce ohmic losses in the cell. GF is due to its predominantly 

sp2 hybridization already an excellent electrical conductor. It is thus important to maintain this 

outstanding property during a surface modification. The electrodes in flow batteries are usu-

ally compressed to ensure enough contact area between GF and the bipolar plate. As a down-

side, porosity is lost in this process.  

 

Figure 3-5. Test setup to probe the electrical conductivity of a sample at an applied pressure. (a) Assembled 
device and (b) explosion drawing, indicating the individual components of the cell. 

It is thus important to balance ohmic losses during charge transport and pump losses due to 

reduced macro-porosity in the felt. Several studies suggest that a compression of ~20% of the 

original felt thickness offers a satisfactory tradeoff. The electrical conductivity of an electrode 

should thus neither be investigated under full pressure like a metal plate nor without any 
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compression which would lead to high contact resistances not occurring in the battery. There-

fore, a device which can be coupled with a pressure test machine to allow compression-de-

pendent measurements of the electrical resistance was developed (Figure 3-5). In principle, 

two copper dies coupled to a potentiostat ensure the loss-free evaluation of the electrical con-

ductivity of a felt placed in between. The system is then electrically insulated from the test 

machine by aluminum oxide plates. At the bottom, a tight-fit socket mounts the setup to the 

machine to prevent a shift of the construction. At the top, a metal probe connected to a hanging 

by a thin rod transfers the pressure of the machine directly to the copper die. A leak-proof 

casing can be used to perform measurements of wet felts.  

3.5 Density Functional Theory  

For many fields in natural sciences and engineering, the key to scientific progress is under-

standing material properties at an atomic scale. Electronic structure calculations were the key 

to a row of groundbreaking discoveries, illustrated by the following three prominent exam-

ples[103]: (i) It was shown that ammonia synthesis, one of the most important catalytic reac-

tions, proceeds via at least twelve distinct steps on a metal catalyst, of which the most im-

portant is breaking of the N2 bond. On atomically flat regions, a high amount of energy is 

required for this reaction, whereas at edges, the energy expense is much lower.[104] (ii) Re-

searchers have described the embrittlement of copper by small amounts of bismuth. Several 

explanations were proposed over the years, including the introduction of strain, electronic 

bond weakening, and size effects. Using DFT, it was shown that significant changes in the ma-

terial properties were due to the much larger bismuth atoms.[105] (iii) Finally, DFT can investi-

gate material under misanthropic conditions as they exist in the center of planets. By investi-

gating the stability and properties for phase transformations of crystal structures, it was 

demonstrated that MgSiO3 can be found in the center of Uranus and Neptune, but not inside 

Jupiter or Saturn.[106] 

DFT describes the quantum behavior of atoms by solving the Schrödinger equation. Atoms 

comprise nuclei and electrons. If one wants to understand the properties of matter, it is im-

portant to know where the atoms are located and how their energy changes when being moved 

around. Because nuclei are much heavier than electrons and therefore react delayed to a dis-

placement, their wave functions Ψ can be separated according to the Born–Oppenheimer ap-

proximation.[107] As a result, a static electronic state of a molecule can be described by solving 

the many-electron time-independent Schrödinger equation. 
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In one of two important theorems formulated by Hohenberg and Kohn, they proclaim that the 

ground state energy of the Schrödinger equation is a functional of the electron density.[108] The 

second theorem defines that the true energy density minimizes the overall functional and cor-

responds to the true solution of the Schrödinger equation. Knowing that it is not an easy task 

to solve the Schrödinger equation fully, Kohn and Sham developed a method to express the 

correct electron density by solving a set of equations describing single electrons as: 

[−
ħ

2𝑚𝑖
∇𝑖
2 + 𝑉(𝐫) + 𝑉𝐻(𝐫) + 𝑉𝑋𝐶(𝐫)]𝛹𝑖 = 𝜀𝑖𝛹𝑖 . (3.6) 

The first potential V describes the interaction of an electron and all atomic nuclei; the Hartree 

potential VH defines the Coulomb repulsion between the considered electron and the total elec-

tron density. VXC means the exchange and correlation contributions to the single electron equa-

tions and can formally be defined as a “functional derivative” of the exchange–correlation en-

ergy. Since solving the Kohn–Sham equation is a circular problem, an initial guess for the 

electron density must be made to solve the problem iteratively. 

Kohn–Sham DFT calculations were performed using GPAW.[109] All calculations were based on 

the projector augmented wave (PAW) method.[110,111] The structures were built and visualized 

by using the atomic simulation environment (ASE) package.[112] Adsorption energies Eads of 

H2O and vanadium ions with solvation shell are determined using the following equation: 

𝐸𝑎𝑑𝑠 = 𝐸(𝑠𝑢𝑟𝑓𝑎𝑐𝑒+𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑛𝑡) − (𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑛𝑡)  

To retrieve the respective energy values, a plane-wave cutoff energy of 400 eV was used in the 

calculations. A 5×5×1 mesh of k-points was chosen for the calculations using basal plane gra-

phene, and a 1×1×5 mesh for the graphene nanoribbons. The lattice constant a of single-layer 

graphite was set to 2.46 Å.[113] For the ribbons, the initial C–H and C–C bond lengths were set 

to 1.09 Å and 1.42 Å, respectively.[114] The Bayesian error estimation functional with van der 

Waals correlation (BEEF-vdW) was used as the exchange–correlation functional.[114] Electron 

wave functions were represented on a real space grid with a  spacing of 0.2 Å. The tolerance 

for geometry optimization was set to 0.05 eV Å−1. Vanadium ions were initialized to possess 

charges and magnetic moments according to the occupation of their d-orbitals. The smearing 

of the occupation numbers was controlled by a Fermi–Dirac function with a width of 0.1 and 

0.0 eV for systems with and without periodic boundaries, respectively. 
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4 Influence and Electrochemical Stability of Oxygen Groups and Edge 
Sites 

The flow battery community widely accepts that OFGs on graphite work as an effective catalyst 

for the occurring vanadium redox reactions as it was broadly discussed in Chapter 2. The mere 

number of studies may explain why the literature is contradictory, especially when the mate-

rial characterization after the respective surface treatment is directly related to the electro-

chemical activity. Most of the used oxidative treatments are as well expected to damage the 

material and create graphitic defects as edge sites. Clear discrimination between OFGs and de-

fects is difficult and thus the observed activity can hardly be attributed to one specific property. 

More questions about the functionality of surface groups arise when carbon-based nano-

materials, such as graphene or MWCNTs, are used for GF modifications. Prior treatment to in-

crease the activity is therefore often considered as hydroxylation or carboxylation, sulfonating, 

or heteroatom doping.[115–121] The activity enhancement of the treatment is hard to separate 

from the pure addition of the nanomaterial. 

In this chapter, the respective role of OFGs and edge sites for the electrocatalysis of GF were 

disentangled. Owing to their intact sp2 structure and wide modification potential, MWCNTs 

serve as a good substrate for studying the influence of defects in more detail. A KOH activation 

was chosen to create edge sites effectively and introduce OFGs on the material as described in 

literature. Morphological changes were investigated by SEM, the chemical composition by XPS, 

and the defective structure by Raman spectroscopy to draw conclusions about the electrocat-

alytic activity studied by CV and EIS. The felts were characterized again after electrochemistry 

to monitor changes in the surface moieties and the stability of defects. A set of four different 

samples with varying defect density and concentration of OFGs was prepared by refining con-

ventional modification techniques. Pristine GF was decorated with MWCNTs (GF/CNT), 

treated in a 4 M KOH solution (GF/KOH), and subsequently immersed in a dispersion of 

MWCNT in 4 M KOH (GF/CNT/KOH). 

4.1 Preparation and Characterization of MWCNT Dispersions 

Ready-made MWCNTs must be disentangled and dispersed in a solution to profit from their 

intrinsic properties, making the use of solvents and surfactants inevitable.[122–124] As a surfac-

tant, a polymer can be used to non-covalently functionalize MWCNTs by a wrapping 
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mechanism.[125–129] This approach allows a combination of dispersion, functionalization, and 

bonding of MWCNTs to a substrate.[130,131] Carboxymethyl cellulose (CMC) was identified as the 

most suitable agent for a homogeneous coating of MWCNTs on GF. The stability and quality of 

the CNT/CMC dispersion in water were studied by UV-Vis spectroscopy and dynamic light scat-

tering. Figure 4-1a reveals two absorption bands at ~265 and ~225 nm  which can be assigned 

to an n–π* and a π–π* transition, corresponding to C=O groups, and C‒C bonds in aromatic 

carbon rings, respectively, demonstrating the successful dispersion of MWCNTs.[132] 

 

Figure 4-1. Optical property examination of CNT/CMC dispersions by (a) UV-Vis spectroscopy with different 
MWCNT contents, (b) DLS analysis of improved dispersion properties by addition of CMC, and (c) time-resolved 
particle size distribution of a successful dispersion. 

The average particle diameter of the dispersions has been investigated by DLS (Figure 4-1b). 

By the addition of CMC, the average particle size is reduced from ~2600 to ~380 nm. The pol-

ydispersity index is a dimensionless factor that qualifies the size distribution of a dispersion. 

For the used device, dispersions showing an index <0.7 are considered stable, which is fulfilled 

by the CNT/CMC (0.46) but not the pure MWCNT dispersion (0.87). The size distribution of the 

particles has been evaluated as a function of time (Figure 4-1c), showing that a small fraction 

of aggregates >5000 nm is always present, whereas a major part of the particles is sized be-

tween 120 to 960 nm.  

4.2 Morphological and Structural Characterization 

The influence of the MWCNT impregnation and the KOH activation on the morphology, the 

samples were examined by SEM. Pristine GF (Figure 4-2a‒c) consists of randomly entangled 

fibers with an average diameter of ~10 µm, possessing a smooth surface with narrow stripes 
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resulting from the spinning production process. The images of GF/CNT (Figure 4-2d‒e) dis-

play no visible MWCNT aggregates in the pore space between the fibers. Instead, a uniform 

coating on the surface with smaller agglomerates of <5 µm in between is visible. High magnifi-

cation images (Figure 4-2f) demonstrate the distribution of single MWCNTs and binder parti-

cles, which contribute to a rougher appearance. Out of all tested polymers, CMC showed the 

best distributing properties to obtain a homogeneous coating (Figure S3).  

 

Figure 4-2. SEM images at different magnifications of (a‒c) pristine GF, (d‒e) GF/CNT, (g‒i) GF/KOH, and (j‒l) 
in combination treated GF/CNT/KOH. 

The high magnification image of GF/KOH (Figure 4-2i) shows thorough roughening of the sur-

face due to the activation process, revealing pores on the nanometer scale.[56,133] In combina-

tion with the MWCNT impregnation, the roughening disguises the visibility of single MWCNTs 

because of the high edge surface contrast. However, smaller agglomerates of ~3 µm as in Fig-

ure 4-2k are visible. A close comparison of GF/KOH with and without MWCNTs (see Figure 

4-2i,l) reveals a slightly fuzzier and fluffy appearance of the MWCNT impregnated fibers indi-

cating that the GF/CNT/KOH sample is also homogeneously decorated with MWCNTs. 
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The influence on the microstructure was further investigated by XRD (Figure S4). After the 

KOH treatment, a weak Bragg reflection is located at 2θ ≅ 31°, which is associated with the 

residual K2CO3 formed during the activation. While the peak width of the graphitic 002 reflec-

tion (2θ ≅ 26°) changes only slightly by +0.3°, the interlayer distance is expanded from 3.48 to 

3.63 Å according to Bragg’s law due to intercalation of metallic potassium.[134] 

 

Figure 4-3. Deconvoluted Raman spectra of pristine and modified GF. (a‒c) Detail spectra of the modified GF, and 
(d) the overtone modes in comparison. The given I(D)/I(G) ratio is the average of at least three measurements 
per sample 

Raman spectroscopy was used to investigate the degree of disorder, which is introduced on 

the felts by the used modifications (Figure S5). Figure 4-3a‒c displays the deconvoluted first-

order spectra of the modified felts, showing that the initial I(D)/I(G) ratio of pristine GF (1.85) 

is increased to 2.17 by KOH etching, but to an even higher extent for GF/CNT/KOH (2.33). The 

reduction of disorder on GF/CNT (1.57) is attributed to the high graphitic character of single 

MWCNTs attached to the fiber, and probably their preferred attachment to fiber defect sites 

(such as to the spinning stripes in Figure 4-2f). The highly defective structure of GF/CNT/KOH 

is associated with additional defects created on the MWCNTs by KOH, and the different inter-

action characteristics between the basal plane of GF, and the nanostructured surface of 

GF/KOH with MWCNTs. The latter assumption is based on the analysis of the second-order 

modes (Figure 4-3d), where a more intense 2D band for GF/CNT indicates a strong interaction 

between single-atom graphitic layers.[94] The aggressive attack on the structure induced by 

KOH is also visible in a decreased 2D band for GF/KOH and GF/CNT/KOH. As it was visible by 

SEM (Figure 4-2i), the KOH activation creates a nanostructured surface, thus providing access 

to the underlying edge site-oriented planes, and introducing defects into the basal plane on the 

outer surface of the felt. The origin of the observed defects is evaluated by the ratio of the D 

and the D’ band, in which a ratio of ~3.5 corresponds to grain boundary defects such as edge 
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sites, and higher ratios to vacancy-like (~7) or sp3 type (~13) defects.[95] The ratios of our sam-

ples are between 2.56 (GF/CNT) and 2.91 (GF/CNT/KOH), which is why we characterize the 

defects as edge site like. Due to a ratio <3.5, there are multiple edge sites present in a so-called 

loop configuration.[135] 

4.3 Surface Chemistry 

The surface chemical composition was studied by XPS to compare the OFGs qualitatively and 

quantitatively (Figure S6). Detail spectra were recorded for the core level regions O 1s and C 

1s (Figure 4-4). Three main oxygen species were identified: O‒C (hydroxyl groups) at binding 

energies of ~532.8 eV, O=C (carbonyl groups) at ~531.6 eV, and O=C‒OH (carboxylic groups) 

at 533.9 eV.[136] Adsorbed water is present on all felts above 535 eV. The water content in-

creases after KOH activation from below 0.2 to 0.5 at%, suggesting improved wetting proper-

ties.[56] After the KOH treatment, residual carbonate groups are present at 530.6 eV and 292.9 

eV. The concentration of oxygen in comparison to the total carbon‒oxygen content and the 

share in one specific oxygen group within the three OFGs was evaluated (Table 5). By the at-

tachment of MWCNTs to GF (~11 at%), the overall oxygen content is reduced to ~8 at%, and a 

higher amount of sp2 hybridized carbon (~81 at%) is present (Figure 4-4d). After the KOH 

etching, the oxygen concentration is further reduced to ~6 and ~7 at% for GF/KOH and 

GF/CNT/KOH, respectively. According to the C 1s region, the relative amount of sp2 hybridized 

carbon is even increased from ~57 at% on GF to about 60 and 62 at%. This can be explained 

by the exposure of underlying graphite sheets due to the etching treatments, which reveal a 

lower oxygen coverage than the pristine surface layers of GF. 

Table 5. Initial chemical composition of the pristine and modified GF regarding the amount of OFGs. The compo-
sition compared to all surface species (including carbon, rounded to 0.5 at%) and the relative composition re-
garding the three main functional groups (O‒C, O=C, O=C‒O, rounded to the full percentage) is given. 

Sample O‒C 
(at%) 

O=C 
(at%) 

O=C‒O 
(at%) 

O‒C 
(rel. at%) 

O=C 
(rel. at%) 

O=C‒O 
(rel. at%) 

GF 4.5 6 1 40 53 7 
GF/CNT 4.5 1 2 59 17 25 
GF/KOH 2 2.5 0.5 53 34 15 
GF/CNT/KOH 2 1.5 0.5 40 47 13 
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Figure 4-4. Deconvoluted XPS data of the O 1s and C 1s regions of (a‒b) pristine GF, (c‒d) GF/CNT, (e‒f) GF/KOH, 
and (g‒h) GF/CNT/KOH. The regions were subtracted by a Shirley background and single species fitted by Gauss-
ian–Lorentzian peak shapes. The concentration of surface oxygen for each sample is given. 

The C 1s region exhibits five different carbon components, related to sp2 and sp3 hybridized 

carbon at ~284.5 eV and ~285.2 eV, along with hydroxyl, and carbonyl/carboxylic groups at 

~286.6 eV and ~287.8 eV.[58,137] It was not further differentiated between carbonyl and car-

boxylic groups since the assignment of binding energies for the respective species is ambigu-

ous in literature.[78,138–141] The discrimination is further impeded by the relatively low intensity 

of the single oxygenated carbon species (<5 at%) compared to the strong signal of sp2 carbon 

(>57 at%). At higher binding energies of 289.0 to 291.7 eV, it was close to impossible to distin-

guish between carbonate, adsorbed atmospheric carbon components, and the shake-up satel-

lite feature associated with graphitic carbon, all present at about 291 eV.[136,138] 

4.4 Electrical Conductivity 

The influence of the felt modifications on the electrical properties has been evaluated by per-

forming pressure-dependent conductivity measurements (Figure 4-5). To guarantee a 
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homogeneous potential distribution for a felt electrode, the fiber conductivity, which relies 

heavily on the fiber–fiber interface, should be high.[142,143] The compression inside a battery 

minimizes ohmic losses, while the permeability of flowing electrolyte through the pores should 

be maintained.[144]  

 

Figure 4-5. Electrical area specific resistance of pristine and modified GF under compression. 

The felts reveal an initial resistivity drop, which is associated with the creation of interfacial 

contact between the fibers and the measurement device. Subsequently, the mere electrical 

property of the felt material is observed.[145–147] GF shows a severe resistivity decrease when 

compressed by 15% of the total thickness, followed by a slight decrease thereafter to 22 mΩ 

cm2. The MWCNTs decrease not only the contact resistance of GF/CNT (22 mΩ cm2 at ~8% 

total compression) but also increase the intrinsic conductivity (13 mΩ cm2 at ~21% total com-

pression). The nanostructured surface of GF/KOH creates more contact points between the 

fiber and the measurement device, which reduces the interfacial contribution to the resistance. 

For GF/CNT/KOH, the resistivity at ~20% total compression is decreased from 19 for GF/KOH 

to 16 mΩ cm2. Considering the deviation of GF/CNT/KOH, the MWCNTs cannot enhance the 

electrical conductivity of the felt electrode completely homogeneously, which might arise be-

cause of the lower mechanical stability in the investigated region (Figure S7). 

4.5 Electrocatalytic Half-Cell Activity 

To study the influence of the sample modifications, which created edge sites and OFGs in vari-

ous concentrations, electrochemical half-cell tests were performed. The electrocatalytic prop-

erties were studied by CV. In each obtained voltammogram, the peak separation potential (ΔEp) 
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and the peak current ratio of the oxidation and reduction peaks are used to study the activity 

and redox reversibility.  

 

Figure 4-6. Electrochemical characterization of the pristine and the modified GF electrodes in the (a,b) positive 
and (c,d) negative half-cell. (a) iR-corrected CV with 1 mV s−1; (b) EIS at 0.9 V vs. Ag/AgCl, also displaying the 
equivalent circuit diagram used for spectral deconvolution; (c) iR-corrected CV with 1 mV s−1, (d) EIS at −0.5 V vs. 
Ag/AgCl. 

For the positive half-cell, a reduction of ΔEp from GF (290 mV) to GF/CNT (150 mV) is observed, 

which is according to the XPS, Raman spectroscopy, and resistivity results a consequence of 

the higher electrical conductivity of the felt electrode (Figure 4-6a). For catalytically more ac-

tive samples, a sharp oxidation signal at 0.7 V vs. Ag/AgCl and a broad reduction at 0.2 to 0.6 V 

vs. Ag/AgCl corresponds to the VIVO2+/VIII redox reaction (Figure S9). The electrochemical per-

formance of GF/KOH depends on the molarity of the KOH solution, the drying procedure, and 

subsequent heating temperature, and has an optimized ΔEp of 70 mV (Figure S10).[56,133,148] No 

further electrocatalytic improvement is observed by combining the KOH activation and the 
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impregnation with MWCNTs. Compared to the XPS and Raman results, the samples exhibiting 

the highest electrocatalytic activity showed low oxygenation and an increased number of edge 

sites.  

The RCT was evaluated by EIS at an applied potential. In the Nyquist representation (Figure 

4-6b), the main semicircle corresponds to the RCT, which is significantly reduced from 19.0 Ω 

(GF) over 3.2 Ω (GF/CNT) to 1.3 Ω (GF/KOH and GF/CNT/KOH). The RCT is decreased by all 

modifications, but to the highest extent for those samples that revealed a lot of edge sites and 

a lower oxygen concentration. The MWCNTs provide good charge transfer, which could be re-

lated to the high electrical conductivity and low interfacial resistance since fewer edge sites 

were observed for this sample. A more detailed discussion on the reversibility of the redox 

reaction and the mass-transfer properties can be found in Figure S12 and Figure S13.  

Based on the electrochemical analysis of the positive half-cell, it can be concluded that the ac-

tivity of GF is enhanced both by the MWCNT application and KOH activation. There was almost 

no difference observed between the KOH treatment of GF only and in combination with the 

MWCNTs. For these two samples, neither the relative amount of one specific OFG (O–C on 

GF/KOH and O=C on GF/CNT/KOH), nor the difference in defect density (2.17 and 2.33) has a 

major impact on the VVO2+/VIVO2+ redox reaction. If one considered carboxylic groups to drive 

the positive half-cell redox reaction, GF/CNT would outperform the other samples, which was 

not the case. 

The negative half-cell reaction was also inspected by the same electrochemical techniques. The 

CV curves in Figure 4-6c display an improvement of the redox activity, reducing the peak po-

tential separation in the order GF (210 mV) > GF/CNT (90 mV) > GF/KOH (70 mV) > 

GF/CNT/KOH (60 mV). This proves that all modifications also have a positive effect on the 

electrocatalytic activity for the VIII/VII redox reaction. In the Nyquist plots (Figure 4-6d), RCT 

decreases from 14.7 Ω (GF) to 2.2 Ω (GF/KOH), 1.3 Ω (GF/CNT), and 1.0 Ω (GF/CNT/KOH). At 

lower frequencies, a second semicircle is visible for GF, which is assigned to a VIVO2+/VIII re-

duction process of residual higher oxidized vanadium species. In summary, the combination of 

KOH etching and MWCNT impregnation has a positive effect compared to only one of the meth-

ods, which one might therefore ascribe to either the higher (or lower) concentration of one 

specific OFG or additional edge sites on the electrode which are beneficial for the charge trans-

fer and electrocatalytic activity since the defect-poor GF/CNT with the higher oxygen concen-

tration reveals the lowest improvement. 
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Figure 4-7. EDLC of pristine and modified GF. (a) CV in a non-faradaic potential range at different scan rates. (b) 
Plot of currents at a potential of 0.2 V vs. Ag/AgCl for each given scan rate. 

In addition to the electrocatalytic activity, the electrochemical active surface area has been in-

vestigated in a non-faradaic potential region to probe the electrochemical double-layer capac-

itance (EDLC, Figure 4-7). A relatively low initial EDLC of ~2 mF (GF) is significantly enhanced 

by more than 30 times for GF/CNT/KOH (~63 mF). The increase is attributed to the enhance-

ment of the overall surface area by etching a microporous structure and by attaching high sur-

face MWCNTs, which can provide additional active sites. Furthermore, more edge sites are in-

troduced to the graphitic structure of the electrode as well as on the MWCNTs, which relates 

to the higher EDLC of edge planes (~70 μF cm−2) compared to basal planes (1 to 2 μF cm−2) of 

graphite.[56,149,150] For this reason it is surprising that the EDLC of GF/KOH is even higher (~74 

mF), though it revealed a lower number of defects in Raman spectroscopy. Further studies to-

wards the phenomena of the EDLC, its relation to the active surface area, and the influencing 

factors are intended. The XPS results already implied that the initial relative amount of oxygen 

does not play a major role when the active surface area is explored. 

4.6 Evolution of OFGs and Defects in Electrochemistry 

The initial concentration of oxygen or the number of specific functional groups did not explain 

the differences in half-cell activity. Considering ΔEp and RCT, the activity for the positive half-

cell would be in the order GF/CNT/KOH = GF/KOH > GF/CNT > GF, and likewise (the first ex-

ceeding GF/KOH) in the negative half-cell. Based on the XPS analysis (Table 5), one would ex-

pect activities for the positive half-cell in the order GF/CNT > GF > GF/CNT/KOH > GF/KOH for 

carboxylic groups. For hydroxyls as active species, it would be GF > GF/CNT > GF/KOH > 

GF/CNT/KOH. However, none of these sequences is reflected in electrochemistry. Moreover, 
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by comparing the relative stoichiometry of OFGs to each other, it is not possible to reflect the 

above-mentioned sequences. On the contrary, an increase of surface groups rather seems to 

impede the electrocatalytic activity. To better understand the influence of the electrochemical 

conditions on the OFGs, their evolution was studied by XPS after cycling. The deconvoluted O 

1s and C 1s detail spectra of all samples are displayed in Figure 4-8a–d and Figure S14.  

 

Figure 4-8. Analysis of pristine and modified GF after cycling regarding their number of OFGs and defects. O 1s 
spectra of (a) GF, (b) GF/CNT, (c) GF/KOH, (d) GF/CNT/KOH. Comparison of the relative number of OFGs, namely 
(e) hydroxyl, (f) carbonyl, and (g) carboxylic groups. (h) The defect structure studied by Raman spectroscopy, 
evaluating the I(D)/I(G) ratios before and after cycling in each half-cell. 

After cycling in the positive half-cell, the relative oxygen content increases from ~6 to 11 at% 

for the initial samples by around a factor of three for the cycled electrodes. This effect is most 

pronounced for GF/CNT with >35 at%, whereas the other samples have a very similar quantity 

of surface oxygen (~20 to 24 at%). Therefore, the oxygen concentration alone cannot explain 

the different electrochemical activities. To study the influence of single OFGs, their concentra-

tion profile has been analyzed quantitatively, comparing the relative percentage values of O–

C, O=C, and O=C–OH in the initial state and after electrochemistry (Figure 4-8e–g). 
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On the one hand, GF/CNT has the lowest relative number of hydroxyls after cycling (28%). On 

the other hand, the highest concentration of hydroxyls after electrochemistry is present on GF 

(60%), which revealed the lowest half-cell activity. Both GF/KOH and GF/CNT/KOH, which 

showed an equal electrochemical performance, have values in between. Most of the oxygen on 

GF/CNT consists of carbonyl (~69%) and only ~3% of carboxylic groups. GF/KOH and 

GF/CNT/KOH developed lower amounts of carbonyls (52% and 45%) with more persistent 

carboxylic groups (8% and 11%). It is seen that the relative concentration of GF/KOH under-

goes some severe changes during cycling (especially for C=O and O=C–OH groups), while 

GF/CNT/KOH has a similar share in OFGs compared to the initial sample. One might argue that 

the higher activity of GF/CNT compared to GF is attributed to the severe reduction of electrical 

resistance, which compensates for the lower number of active carboxylic groups. However, this 

would be expected to mainly influence the RCT, but also an impact on the EDLC was observed. 

Since the XPS results were not in itself conclusive, the degree of disorder after electrochemistry 

has been investigated by Raman spectroscopy (Figure 4-8h and Figure S15). The stability of 

edge sites is important even for OFGs, since they are far more stable on edges rather than on 

basal planes.[71] After cycling in the positive half-cell, all samples lose a severe number of edge 

sites, reflected by a decrease of the I(D)/I(G) ratio. Considering the degree of disorder, the mi-

nor electrochemical performance of GF mostly is related to its lower number of defects (1.61). 

More persistent carboxylic groups are formed on GF/KOH and GF/CNT/KOH, which correlates 

with their increased defect density (1.71 and 1.85). Conclusively, the degree of disorder ac-

counts for the higher electrocatalytic activity of these samples in the positive half-cell. The mi-

nor differences in the chemical composition regarding the number of carboxylic groups are not 

expected to drive such high discrepancies in the electrochemical performance. It is much ra-

ther a consequence of their primary formation on edge sites if the correlation to the overall 

disorder is considered. Due to the decrease of edge sites during oxidative treatment in the pos-

itive half-cell, we suppose that other oxygen groups, as the concentration of carboxylic groups 

also decreases, are attached to active edge sites and hinder the electron transfer subsequently. 

The negative half-cell was analyzed in the same manner. Cycling in VIII introduces fewer oxygen 

moieties (~10 to 13 at%) for the modified felts, while pristine GF had a considerably larger 

oxygen content of >20 at%. This observation suggests that, also for the negative half-cell, the 

relative amount of oxygen is a property that describes the activity of the graphite felt elec-

trodes poorly. Therefore, the composition of single OFGs has been evaluated, showing that the 

surface composition of all felts is relatively similar, with about 19 to 22% carboxylic, 44 to 53% 
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carbonyl, and 26 to 37% hydroxyl groups. Again, no clear correlation between the relative con-

centration of a certain OFG and the electrochemical activity of the electrodes could be estab-

lished. A possible explanation for this observation might be that the activity of certain OFGs for 

the VIII/VII redox reaction seems to depend on whether they are attached to basal or edge site 

positions and the higher catalytic activity was attributed to oxygen-containing edge site de-

fects.[34,68,151] Hence, it is important to further examine the change in disorder after electro-

chemistry. The I(D)/I(G) ratio is affected by cycling, which leads to a decrease of defects on GF 

(1.47), GF/CNT (1.44), and GF/KOH (1.78) while the amount of edge sites is increased on 

GF/CNT/KOH (2.36). Recalling the previous discussion on the positive half-cell, the observa-

tions again seem to be consistent with the importance of stable edges. Due to the minor differ-

ences in the surface chemical composition observed by XPS, we conclude that graphitic edge 

sites appear to be the major driving force for the negative half-cell reaction. Even though OFGs 

form on the surface of GF during electrochemical cycling, their positive influence on the nega-

tive half-cell reaction cannot be confirmed by our study. Instead, the evolution of the defect 

density on the surface appears to be a more important indicator for the electrocatalytic activity. 

4.7 Conclusions 

The role of graphitic edge sites and OFGs and their electrochemical stability in both half-cells 

of a VFB was examined. My chosen GF treatments resulted in samples with a different concen-

tration of oxygen moieties and disorder. The disorder was characterized as edge site defects 

for all samples. By XPS and Raman spectroscopy after half-cell tests, it was confirmed that the 

OFGs and edges evolve dynamically during cycling. The electrochemical performance of an 

electrode can thus not only be correlated with its physicochemical properties in the pristine 

state. Neither the total concentration of OFGs nor the presence of a certain bonding type could 

be made responsible for the electrocatalytic activity. Instead, the more active electrodes re-

vealed a lower oxygen concentration and simultaneously a higher number of edge sites. There 

was a correlation between the activity and the electrochemical stability of edges and attribute 

this as beneficial towards the VVO2+/VIVO2+ and VIII/VII redox reactions. Consequently, this 

study highlights the importance of edge site defects for the vanadium redox kinetics. Although 

it cannot be ruled out that certain OFGs are active during the reaction, edge site defects seem 

to play an essential role either by stabilizing favorable OFGs or by directly assisting the charge-

transfer process.
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5 Origin of the Electrocatalytic Activity at Graphite  

After having conclusively shown that electrochemically stable graphitic edge sites are required 

to successfully change the oxidation states of solvated vanadium ions, the role of OFGs will now 

be clarified. By conventional electrode activations, it is not possible to completely rule out the 

influence of OFGs at the start of electrochemical cycling. Therefore, a different approach was 

taken: While usually the oxygen concentration is increased by a pretreatment, GF herein was 

thermally deoxygenated according to a procedure specified in Figure 5-1a to investigate the 

changes in activity thereafter.  

 

Figure 5-1. Schematic representation of the experimental procedure. (a) Deoxygenation of GF in a sealed glass 
tube under Ar/H2 atmosphere at different temperatures. (b) Subsequent quasi in situ XPS and Raman spectros-
copy. 

This procedure allowed to observe chemical surface changes without attacking the structure 

and to study the influence of various OFGs because of their different decomposition tempera-

tures (Figure 1-3). The influence of the deoxygenation procedure on rather inactive pristine 

GF and highly performant, surface activated felt (GF-SA) which was thermally oxidized by the 

manufacturer, was considered. The evolution of the electronic structure and the microstruc-

ture was monitored by quasi in situ XPS and Raman spectroscopy (Figure 5-1b). After the eval-

uation of the respective half-cell activity, the evolution of OFGs and defects was selectively 

characterized after immersion in the electrolyte and polarization experiments to tackle the rel-

evant conditions for the formation of surface oxygen. Furthermore, the long-term cycling effect 

and stability of the deoxygenation procedure was studied.  
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5.1 Influence of the Deoxygenation on the Electronic Structure 

After thermal deoxygenation, the chemical composition of GF was studied by quasi in situ XPS 

(Figure 5-2 and Figure S16‒Figure S18). The thermal, chemical, or hydrothermal deoxygena-

tion of graphene oxide has been intensely studied by multiple methods.[152–154] A precise un-

derstanding of these mechanisms on GF is given for the first time. The C 1s region of mixed 

sp2/sp3 hybridized carbon is difficult to evaluate, which is why a semi-quantitative method by 

the first derivative of the C KLL Auger region (Figure 5-2a) is used to approximate the overall 

carbon bonding state. For sp3 hybridized carbon-based materials such as diamond, the so-

called D-parameter has a minimum of ~13 eV, while graphite-like materials have higher energy 

gaps of up to 23 eV.[155–157]  

 

Figure 5-2. XPS investigation of thermally deoxygenated GF. (a) First derivative of the C KLL Auger region to 
determine the D-parameter. (b) O 1s detail spectra, showing the position of the respective oxygen group and the 
relative oxygen content. (c) C 1s detail spectra, indicating the position of sp2 and sp3 hybridized carbon. (d) VB 
region, displaying the O 2s, C 2s and C 2p regions and the EVBM. 

At temperatures ≤500 °C mostly basal plane bound hydroxyl and carboxylic groups, and amor-

phous carbon are removed, while the π-conjugated structure of graphite is restored, resulting 

in the high sp2 content for GF-500 (21 eV).[158,159] At higher temperatures, the relative sp3 con-

tent increases (16 eV) because of the conversion of covalently bound ether (C‒O‒C) to edge 

site located carbonyl and phenyl groups.[152] Above 900 °C (19 eV), some of these oxygen 

groups are removed, and the share in sp2 carbon rises again. 
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In the O 1s spectra, it is observed that the overall oxygen concentration on the surface de-

creases with temperature (Figure 5-2b). On the initial sample, three different oxygen compo-

nents were identified: O=C (oxygen doubly bounded to carbon in carbonyls) at ~531.1 eV, O–

C (singly bounded oxygen, C–O–C in ether and C–OH in hydroxyls) at ~532.1 eV, and O=C–O 

(oxygen bound as carboxylic acid) at ~533.1 eV.[137,160,161] The high binding energy oxygen 

component is regularly also assigned to phenyl groups (oxygen singly bounded to aromatic 

carbon).[152,162,163] Even temperatures >1000 °C do not sufficiently remove phenyl groups be-

cause of their thermodynamically stable presence between layers of graphite.[163–165] Six dif-

ferent peak contributions in the C 1s region (Figure 5-2c and Figure S17) are visible on GF: sp2 

hybridized carbon at 284 eV, sp3 carbon at 284.8 eV, ether and hydroxyl groups at 286.3 eV, 

carbonyls at 287.6 eV, carboxylic groups at 289.2 eV, and the sp2 carbon-related shake-up sat-

ellite at 291.2 eV.[58,152,166,167] The regions after deoxygenation were deconvoluted by one sp2 

component and the high binding energy π‒π* feature. At temperatures ≥800 °C, the full width 

at half maximum (FWHM) of sp2 carbon decreases from 1.3 eV (GF-500) to 0.8 eV (as originally 

on GF), indicating the absence of sp3 hybridized components. All three regions, in conclusion, 

suggest the conversion of oxygen from surface groups (sp3) to ether (sp2) to terminal groups 

(sp2) and their removal thereafter. 

Additional information is gained by the low binding energy and valence band (VB) region (Fig-

ure 5-2d). The domain at 2 to 12 eV above EF is occupied by C 2p, up to 22 eV by C 2s, and 

beyond contributions from O 2s electrons are observed.[152,168,169] The onset of the C 2p thresh-

old-edge allows the evaluation of the electronic DOS close to EVBM. All samples show a non-zero 

DOS between 0 to 3 eV because of 2p‒π electrons present in the π-conjugated basal plane.[170] 

The heat-treated samples show an increased EVBM of 3.6 eV compared to the pristine material 

(2.4 eV), since the deoxygenation increases the sp2 content, which itself has a positive effect on 

the in-plane electron transfer, but not perpendicular to the plane because of the absence of 

bridging bonds. At ~13 eV the 2s σ(C–C) electron states are identified as an especially distinct 

feature ≥900 °C instead of merging with the subsequent C 2s signal, followed by the main C 2s 

peak at ~18 eV.[168,170,171] A prominent signal in the O 2s region associated with oxygen bound 

to the aromatic carbon lattice [σ(C‒O)] disappears after deoxygenation.[152,170,172] Interest-

ingly, this feature reappears on GF-980 with a lower separation to the C 2s peak because of 

phenyl instead of primarily C‒O‒C or C=O groups being present.[152] 

The same investigation was conducted for GF-SA (Figure S18). This material initially has a 

lower sp2/sp3 ratio (D-parameter = 17 eV), attributed to the prior oxidative heat treatment. 
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The sp2 character is then restored on GF-SA-980 (21 eV). For GF-SA-800 and above the oxygen 

concentration decreases (from 10 at% to ~1 at%), and the overall appearance of the O 1s and 

C 1s region is like the GF row. GF-SA has a higher populated DOS (EVBM = 1.9 eV), shifting to 3.7 

eV directly after the first heating step and not changing thereafter. The 2s σ(C–C) contribution 

is less distinct, which we contribute to irreversible damage of the graphitic network because 

of the oxidative treatment. 

5.2 Microstructural Properties 

The difference in morphology between pristine GF and thermally activated GF-SA was visual-

ized by SEM (Figure 5-3a‒c). The felts consist of randomly entangled fibers of ~10 µm in di-

ameter (Figure 5-3a). Singular fibers of both felts were directly compared, which revealed nu-

merous porous defects induced by the thermal activation on GF-SA (Figure 5-3b,c).  

 

Figure 5-3. Microstructural properties of GF before and after deoxygenation. (a‒c) SEM images of (a,b) GF and 
(c) GF-SA. (d‒g) Raman spectra of GF, GF-SA, and the thermally deoxygenated felts. (d,e) First- and second-order 
modes of GF, indicating the respective vibrational features and their positions; additionally, the FWHM values of 
the D band is given. (f) I(D)/I(G) ratio and (d) I(D)/I(D’) ratio of the felts regarding the prior heating temperature. 

These pores greatly enhance the surface area, which was verified by BET measurements. An 

increase by a factor of 5.3 (from about 0.64 m2 g−1 to 3.41 m2 g−1) was observed, indicating that 
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the oxidative attack exposes additional graphite layers. To make sure that the deoxygenation 

treatment had no influence of the microstructure, GF-980 and GF-SA-980 were analyzed by 

SEM (Figure S19), revealing no visible difference compared to the initial samples. 

To analyze the induced disorder, the oxidized and deoxygenated felts were investigated by Ra-

man spectroscopy (Figure 5-3d,e and Figure S20). The I(D)/I(G) value (Figure 5-3f) of GF 

(1.98) first decreases to 1.86 (GF-500), but then steadily rises to 2.25 (GF-980). In accordance 

with the XPS results, the first deoxygenation of the material results in a higher share of sp2 

carbon due to the removal of basal plane bound oxygen and the rearrangement of graphitic 

layers. Continuous deoxygenation creates more defects, which are recognized as disorder in 

contrast to oxygenated edge sites which do not always correspond to a high D to G ratio.[173,174] 

The increased I(D)/I(D’) ratio of GF (3.52 to 4.20) in Figure 5-3g suggests the generation of 

vacancies at 800 °C. Higher temperatures counteract and heal these vacancies partly which is 

seen by a decreased ratio. 

The band positions on both original samples are the same, but for GF-SA the D band is more, 

and the 2D signal is less pronounced, which indicates a higher degree of disorder and weaker 

interaction between intact graphitic layers for the activated felt.[94] The higher FWHM of the D 

band for GF-SA (from 49 to 57 cm−1) is attributed to its more defective structure. With ongoing 

deoxygenation, the FWHM of the D band does not change by more than ±1 cm−1 for GF, but 

decreases by 4 cm−1 for GF-SA which indicates partial healing of oxygenation damage (Figure 

S20). The evolution of the I(D)/I(G) ratio of GF-SA (2.65) follows a similar trend as GF with a 

decrease up to 800 °C (2.30), followed by an increase to 2.54 at 980 °C confirming an increase 

of deoxygenated defects also for the GF-SA sample series. The higher D to D’ ratios suggests 

that even before deoxygenation, the defects on GF-SA (3.70) are more related to edge sites, but 

deoxygenation further increases the number of vacancies up to GF-SA-980 (4.21).  

In summary, up to a certain deoxygenation temperature (500 °C for GF and 800 °C for GF-SA, 

seemingly depending on the initial defect density) the disorder is first reduced, and rearrange-

ment of the basal plane occurs. At higher temperatures, two effects were observed: (i) the de-

oxygenation of edge sites leads to an increased D to G ratio due to their larger Raman scattering 

cross-section. (ii) Defects created at higher temperatures can be partially attributed to vacan-

cies. Furthermore, the comparison with the XPS results demonstrates that this occurs while a 

high sp2/sp3 ratio is maintained. 
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5.3 Influence of OFGs on the Electrochemical Half-Cell Performance 

To study the correlation between the electrocatalytic properties and the decreasing degree of 

deoxygenation, the electrochemical half-cell performance was examined in a three-electrode 

cell. Several features of the recorded CV data (Figure S21) were examined. The reversibility of 

the redox reaction was investigated by the peak current ratio between the oxidation and re-

duction reaction (Figure 5-4a,b), while the electrocatalytic activity was studied using ΔEp (Fig-

ure 5-4c). Furthermore, the influence of the deoxygenation on the electrochemical active sur-

face area, which is linked to the EDLC, was examined (Figure 5-4d and Figure S22).[175,176] In 

addition, the RCT values were assessed in both half-cells by EIS (Figure 5-4e,f and Figure 

S24/Figure S25) at the start and the end of cycling. 

The samples of the GF series all show peak current ratios well above 0.85 in the negative half-

cell (Figure 5-4a). However, in the positive half-cell (Figure 5-4b) a rise in reversibility with 

increasing scan rate and deoxygenation is observed for GF. The desorption kinetics, often iden-

tified as the rate-limiting step in the positive half-cell, are therefore accelerated by an oxygen-

free surface.[69,70] This is attributed to the higher electrostatic attraction between surface oxy-

gen groups and the VVO2+ molecule compared to the VII ion. An acceleration of the desorption 

process is further supported by a steeper slope in the Randles–Sevcik plots (Figure S26). The 

ΔEp values of GF decrease from 230 mV (positive half-cell) and 270 mV (negative half-cell) to 

almost identical values for both half-cell reactions of 140 mV for GF-980. The initial activity 

enhancement is attributed to the removal of OFGs since no additional edge sites were created. 

Subsequently, a lower ΔEp is associated with additional disorder since no change in the chem-

ical composition was observed. The active surface area slightly increased according to the 

EDLC from about 1 (GF) to 1.25 mF (GF-980). 

The redox reversibility of GF-SA is higher, but for both half-cell reactions, no significant 

changes because of the deoxygenation were observed. For the positive half-cell, the ΔEp of GF-

SA slightly decreases at temperatures >800 °C (from 100 mV to 80 mV). Even though an overall 

healing of disorder was observed by Raman spectroscopy up to this temperature, the creation 

of vacancies balances this loss of active edge sites, keeping ΔEp constant. At higher tempera-

tures, the defect density rises, which lowers the ΔEp. In the negative half-cell, ΔEp rises from 60 

mV to a nearly constant peak separation of 80 mV after deoxygenation at 500 °C, which agrees 

with the lower I(D)/I(G) ratio of GF-500. Since the additional removal of oxygen has no further 

influence on this value, it can be deduced that the overall lower disorder of deoxygenated GF-
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SA (2.30 to 2.54) compared to its initial state (2.65) handles the activity drop. The further loss 

of edges on GF-800 is compensated by an increased presence of carbon vacancies, which is 

evident in the D to D’ ratio, resulting in a constant ΔEp. 

 

Figure 5-4. Electrochemical investigation of pristine and deoxygenated GF and GF-SA by CV and EIS in both half-
cells. (a,b) The peak current (ip) ratio of the oxidation and reduction signals in the (a) negative and (b) positive 
half-cell, determined at different scan rates; (c) ΔEp between the oxidation and reduction signal; (d) EDLC. (e,f) 
RCT, determined by EIS before (fresh) and after (cycled) CV in the (e) negative and (f) positive half-cell. 

The EDLC of GF-SA corresponds to about eight times the value of GF (Figure 5-4d), but the 

surface area is only higher by a factor of ~5.3. Additional active sites, commonly associated 
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with oxygen groups, have been generated on GF-SA during the thermal activation.[177,178] The 

EDLC of GF-SA steadily declines from about 7.9 to 6.3 mF with increasing deoxygenation tem-

perature, while it increased on GF. The removal of OFGs can therefore not be held responsible 

for the observed change in active surface area. However, our results indicate, that the different 

EDLC of the two sample sets is related to the number of defects, which is in accordance with 

previous studies on graphitic disorder.[149,150,179] After normalizing the EDLC to the real surface 

area (Figure S23), GF-980 has a higher value than its more active counterpart GF-SA-980. This 

was attributed to the different distribution of defects per area, and believe that non-edge de-

fects, which were proven to have the highest capacitance per area, are more dense on GF-

980.[179] 

The electrochemical impedance of the electrodes was evaluated before and after cycling to 

study the influence of the deoxygenation on the charge transfer kinetics (Figure 5-4e,f). The 

RCT of GF-SA is consistently lower than GF, regardless of the inspected half-cell or deoxygena-

tion temperature. This is based on the overall higher defect density, which is evident from the 

Raman results and the much higher EDLC. Two observations are made for the deoxygenated 

GF: first, the strongest decrease of RCT for GF-500 is associated with the removal of the major 

part of OFGs. Even though for higher temperatures the oxygen concentration further de-

creases, active defects are partially healed (Figure 5-3f), which explains the relative increase 

for GF-800 in the negative half-cell. However, additional deoxygenation decreases the RCT for 

the cycled samples, which is not observed for pristine GF since the degree of oxidation at this 

material is high as it was demonstrated in the previous chapter.[180] The oxygen-free electrodes 

further decrease RCT during cycling. In the positive half-cell, RCT steadily declines with higher 

deoxygenation temperatures. All cycled samples of the GF row show an increase in RCT because 

of oxidation by the electrolyte, which is reduced by higher degree of deoxygenation. The re-

moval of basal plane bound oxygen and formation of hydrogen-terminated edges at higher 

temperature, which are more stable against re-oxidation and hence against the formation of 

new OFGs, leads to a more rapid electron conductivity across the basal plane and an increased 

charge transfer rate at the solid‒liquid interface.[68,69] In general, the RCT of the GF-SA row re-

mains much lower due to the overall higher degree of disorder throughout all temperature 

stages. For GF-SA in both half-cells, the evolution of RCT with temperature resembles the 

I(D)/I(G) ratio (Figure 5-3f), showing a higher resistance for a lower number of defects. 
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5.4 Chemical and Structural Changes During Electrochemistry 

By the investigations discussed so far, it was possible rule out a significant contribution of OFGs 

to the charge transfer reaction of both half cells. Instead, the importance of graphitic defects 

was highlighted. However, as discussed previously all deoxygenated samples show a certain 

degree of re-oxidation when being exposed to the electrolyte or electrochemically cycled. This 

raises the question how well the initial surface structure obtained by an activation treatment 

is maintained in the cell or if surface structures of differently treated samples converge after 

some time irrespective of their initial treatment.  

 

Figure 5-5. Photoelectron and Raman spectroscopy of GF thermally deoxygenated (deox.) at 980 °C after immer-
sion (imm.) and polarization (pol.) in each half-cell electrolyte. (a) Change in surface concentration of different 
OFGs; (b) D-parameter; (c) degree of disorder given by the I(D)/I(G), and (d) type of graphitic defects expressed 
by the I(D)/I(D’) ratio. 

Therefore, the evolution of OFGs after exposure to the positive and negative electrolyte and 

electrochemical polarization of the deoxygenated electrodes (GF-980 and GF-SA-980) was an-

alyzed by XPS to probe the chemical composition and the sp2/sp3 ratio (Figure 5-5a,b). 
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Furthermore, Raman spectroscopy was used to monitor possible changes of their microstruc-

tural properties (Figure 5-5c,d).  

The amount of oxygen increases considerably for GF during immersion (~7 at%) and polari-

zation (~10 at%) in the negative electrolyte (Figure 5-5a and Figure S27). The major part con-

sists of hydroxyl groups formed at basal planes, whereas carbonyls and carboxylic groups de-

velop at edge sites.[69,181,182] This is consistent with the decrease of the D-parameter (from 19 

to 17 eV, Figure 5-5b), which is ascribed mostly to the formation of oxygen groups at edges or 

defects of the sp2 planes, resulting in sp3 carbon‒oxygen bonds. The higher amount of oxygen 

is also observed in the increased σ(C–O) signal of the O 2s region in the VB spectra (Figure S27).  

The oxygen concentration on GF is rather low after immersion in the positive electrolyte (~2 

at%), while the oxidative polarization generates more oxygen moieties (~7 at%), specifically 

carbonyl and carboxylic groups. An attack of basal planes is reflected by the decreased D-pa-

rameter (19 to 17 eV) and the disappearance of the peak corresponding to σ(C–C) bonding 

states (Figure S27). During immersion and polarization in both electrolytes, the I(D)/I(G) ratio 

of GF-980 remains almost unchanged (Figure 5-5c), but a decrease of vacancies is observed 

by a change in the I(D)/I(D’) ratio (Figure 5-5d). This shows that vacancies are more easily 

oxidized and consumed in contact with the electrolyte. However, the increase of the D to D’ 

ratio after polarization in VIVO2+ suggests that vacancies can also be deoxygenated electro-

chemically and therefore be available as active sites. 

Less surface oxygen (~2 at%) is formed on GF-SA-980, even after polarization, and there ap-

pears to be no recognizable preference for the formation of one specific type of OFG. This may 

seem surprising, given the significantly higher surface area of GF-SA. However, in contrast to 

GF less oxidation resistant carbon structures on the surface of GF-SA have already been re-

moved due to the oxidative treatment of GF-SA prior to deoxygenation, which increases its sta-

bility towards re-oxidation. Nevertheless, also for GF-SA an attack of basal planes by the nega-

tive polarization is witnessed by a decrease of the D-parameter from 21 to 18 eV. Considering 

the improved electrochemical performance of GF-SA-980, the higher concentration of oxygen 

on GF does not result in an increased activity in the negative half-cell. GF-SA-980 shows a sig-

nificantly increased disorder which grows even further for the polarized electrode (from 2.57 

to 2.82). Consequently, it can be concluded that the activity is more affected by the presence of 

structural defects acting as active sites rather than by OFGs. Many of these structural defects 

are linked to vacancies, as indicated by the high I(D)/I(D’) ratio of GF-SA-980 (Figure 5-5d). 
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The density of vacancies at first decreases after immersion, indicating the reactivity with elec-

trolyte species. In contrast to GF, negative polarization results in the activation of the electrode 

by inducing more vacancies than on GF-SA-980, showing that these previously occupied sites 

are not only freed but also additional point defects are created on the electrode. Hence, given 

that less noble carbon species at the surface have been removed, a low number of OFGs is ben-

eficial for application in the negative half-cell, and polarization under operation further in-

creases the number of favorable edge sites and vacancies. 

Re-oxidation of GF-SA-980 is stronger after immersion and polarization (~8 at%) in the posi-

tive electrolyte. Again, a similar increase for all types of OFG can be observed. Since reoxidation 

occurs already mainly upon immersion into the positive electrolyte, a participation of OFGs in 

the charge transfer reaction of the positive electrode cannot be fully ruled out. However, com-

parison with GF-980 which shows a further increase of OFGs due to polarization along with an 

increase in RCT for cycled electrodes (Figure 5-4f). In contrast, the RCT for GF-SA-980 remains 

almost constant, which indicates that OFGs may not only not play the dominant electrocatalytic 

role but even hamper the charge transfer.  

By the evolution of the D-parameter for GF-SA-980 it is seen that the immersion results in the 

formation of OFGs at the basal plane (21 to 19 eV), which are then during polarization removed 

and formed at edge sites (19 to 20 eV). The restoration of sp2 carbon is also observed in the 

decreased I(D)/I(G) ratio after polarization (from 2.57 to 2.44). Like the negative half-cell, va-

cancies are oxidized during polarization, given by the evolution of the I(D)/I(D’) ratio (from 

4.2 to 3.62 to 3.89).  

5.5 Long-Term Half-Cell Cycling 

Since immersion and polarization in the positive electrolyte leads to partial re-oxidation of the 

surface, the effect of deoxygenation was studied during repetitive cycling. For this purpose, GF 

(~7 at% OFGs, I(D)/I(G) = 1.98) and GF-980 (<1 at% OFGs, I(D)/I(G) = 2.25) were cycled 100 

times and ΔEp (Figure 5-6a,b) as well as RCT were determined at the start and after every 10th 

cycle (Figure 5-6c). Subsequently, the electronic structure and microstructure were studied 

again by XPS and Raman spectroscopy (Figure 5-6d,e). 

For pristine GF, ΔEp slightly increases over the first 50 cycles (from 310 to 320 mV) and de-

creases again thereafter (300 mV). GF-980 initially has a much lower ΔEp (170 mV), which also 

increases to around 50 cycles (190 mV) and remains constant thereafter. This trend is equally 
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observed for GF and GF-980 by comparing their RCT values, which shows a growth from 35 and 

6.5 Ω before CV up to 49 and 12 Ω after 50 to 60 cycles, respectively, and a subsequent reduc-

tion at higher cycle numbers to 40 and 10 Ω. These results prove that the previous deoxygen-

ation has a positive effect on the long-term cycling performance. The increase of the values for 

the first 50 cycles is associated with the oxygen-enrichment of the electrode due to the oxida-

tive electrolyte and potential, which relates to the previous results showing an increased oxy-

gen concentration after polarization in the positive half-cell (Figure 5-5a). After this saturation 

point, OFGs are removed due to the harsh environment, as it will be seen by the investigation 

after long-term cycling.   

 

Figure 5-6. Long-term cycling and physicochemical investigation of GF and GF-980. Half-cell electrochemistry: 
(a,b) CV curves of the positive half-cell, displaying ΔEp before and after 50 and 100 cycles. The color bar indicates 
the number of cycles. (c) Evolution of the RCT during cycling, measured initially and after each 10th cycle. Physico-
chemical characterization after 100 cycles: (d) deconvoluted O 1s detail spectra and the respective relative oxy-
gen content; (e) VB spectra. (f) Carbon corrosion mechanism on GF. 

After performing 100 cycles, the oxygen concentration of GF is higher (~11 at%) than of GF-

980 (~6 at%, Figure 5-6d and Figure S28). On GF-980 the different types of OFGs have similar 
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concentrations, while OFGs on GF are dominated by hydroxyl groups (~5 at%). Carboxylic 

groups and carbonyls are present to a lesser extent (~3 at%). The deoxygenation procedure 

apparently prevents the formation of basal plane OFGs, because physisorbed oxygen species 

readily desorb again on large sp2 sites with far away edges.[69] Hydrogenated edge sites, as they 

are facilitated by the deoxygenation, are less prone to water adsorption.[183,184]  

The oxygen content is further reflected in the O 2s region (Figure 5-6e) by a less pronounced 

σ(C‒O) signal and a more distinct peak related to 2s σ(C–C) electrons on GF-980. A VBM of 1.9 

eV signifies an increase of occupied states close to EF (compare Figure 5-2d) due to increased 

electron transfer between layers of graphite, facilitated by intercalated electrolytic species 

such as water molecules, vanadium ions, or sulfuric acid.[185,186] The more active GF-980 ex-

poses a lower number of defects (I(D)/I(G) = 2.06) compared to the less active GF (2.21, Figure 

S30). The origin of defects on both electrodes, which are mainly edge sites, is not affected by 

the electrochemical cycling. Combined with the higher hydroxyl concentration and the declin-

ing RCT, the increasing disorder is associated with incipient carbon corrosion (Figure 5-6f), 

resulting in more active sites on the electrode. it was concluded that the positive half-cell va-

nadium redox reaction relies on an oxygen-free, intact sp2 basal plane in combination with 

enough hydrogen-terminated defects as active sites. The prevention of oxygenation, equally on 

basal and edge sites, is beneficial for the electron transfer and the lifespan of the electrode.  

5.6 New Scheme for the Vanadium Redox Reactions 

In summary, the previously ascribed electrocatalytic role of OFGs on GF as driving force for the 

vanadium redox reactions was disproved. Therefore, a new reaction mechanism for both half-

cells that allows the redox reaction to occur at hydrogen-terminated edge sites rather than 

through the support of hydroxyl groups, as it was suggested by the previous mechanism, was 

proposed (Figure 5-7 and Figure S31). The activity and effective charge transfer are mainly 

determined by the number and stability of the (hydrogenated) graphitic edge sites and vacan-

cies in combination with an oxygen-free and intact basal plane. 

The reduction in the negative half-cell proceeds via three steps: (i) ion exchange of hydrogen 

bound to an edge site of the electrode and a dissolved VIII ion from the electrolyte; (ii) electron 

transfer from the electrode to reduce the oxidation state of the vanadium ion; (iii) a second ion 

exchange between vanadium and a proton from the electrolyte, which releases VII and creates 

a new active site. In the positive half-cell, four steps are required in the oxidation reaction: (i) 
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ion exchange of hydrogen and a dissolved VIVO2+ ion from the electrolyte; (ii) oxygen from wa-

ter molecules in the solvation shell is transferred to the positively charged vanadium ion; (iii) 

an electron is transferred to the electrode under the release of a proton to oxidize the tetra to 

a pentavalent ion; fourth, vanadium reacts with the free proton by an ion exchange and conse-

quently VVO2+ is released under the recreation of the active site. 

 

Figure 5-7. New reaction scheme for the half-cell reactions in VFBs. (a) Illustration of the reactions in the negative 
and positive half-cell. (b) Three-step reaction mechanism in the negative half-cell. (c) Four-step reaction mecha-
nism in the positive half-cell. (d) Legend for the depiction in (b,c). 

5.7 Conclusions 

The influence of OFGs and surface defects on the electrocatalytic activity of GF was analyzed 

by a novel deoxygenation procedure. The removal of specific OFGs, subsequent defect healing, 

followed by creating disorder under the preservation of sp2 planes was confirmed by XPS and 

Raman spectroscopy. The oxygen-free electrodes, as opposed to the predominant opinion, had 

an overall better half-cell performance than the oxygen-rich starting material. New active edge 

sites are induced, further enhancing the activity. No correlation between the concentration of 

oxygen or of certain OFGs with the electrocatalytic activity could be established, while instead 
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the presence of certain carbon defects correlates well with the observed electrochemical prop-

erties. Oxidation through the electrolyte is much more pronounced in the positive half-cell. 

During long-term cycling, it was shown that the benefit of the deoxygenation treatment is sta-

ble. It resulted in a lower oxygenation, which guaranteed high activity and rapid charge trans-

fer. A decreasing charge transfer resistance of oxygen-rich GF is associated with carbon corro-

sion because of a higher hydroxyl concentration, which subsequently increases the number of 

edge sites. 
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6 Pyrene-Modified Graphite Felts as Model Electrodes 

The last chapter demonstrated that OFGs most likely negatively affect the electrocatalytic ac-

tivity of GF for the vanadium redox reactions. However, differences could arise from the spe-

cific type of OFG, which is difficult to introduce specifically by a pretreatment. Pyrenes are a 

class of PAHs consisting of four highly condensed benzene rings in a plane. Due to their wide 

availability with different functional groups, they are an attractive candidate for electrochem-

ical energy systems which rely on redox-active species. However, these PAHs suffer from low 

electrical conductivity and dissolution in the electrolyte, requiring a supporting substrate to 

guarantee electron transport and chemical stability.[187,188] As possible substrates, several ma-

terials such as polymers, enzymes, and metals have been investigated.[189–191] The most prom-

inent example for non-covalent surface modification is graphite, since pyrenes allow strong π–

π interactions with sp2 hybridized carbons due to their aromatic character.[192] The non-cova-

lent attachment of pyrenes to carbon surfaces has already led to success concerning the dis-

persion of nanotubes and conductivity tuning of graphene.[193–196] Modification of MWCNTs us-

ing pyrenes with nitrogen- and oxygen-containing functional groups demonstrated different 

redox activities and improved energy and power densities for lithium-ion anodes.[197] The elec-

tro-grafting of nitropyrenes onto onion-like carbon resulted in a change of capacitive behavior 

from double layer-like to the introduction of a redox capacitance.[198] There is subsequently a 

lot of work to be done to understand and tailor the effect of pyrenes on the vanadium redox 

reaction and explore them as an easy to facilitate technique to tune the properties of GF. 

In this work, GF was modified by various pyrene derivatives to study their electrocatalytic ac-

tivity for the vanadium redox couples. After a survey of several available pyrenes, the previ-

ously introduced deoxygenation was used as a facile pretreatment to improve the loading and 

electrochemical responsiveness of pyrenes. The electrochemical stability of modified GF was 

investigated under the harsh vanadium oxidation conditions by differential electrochemical 

mass spectrometry (DEMS). Subsequently, their capacitive as well as faradaic electrochemical 

behavior in both vanadium half-cells was studied. The physicochemical surface properties of 

the modified GF were analyzed by XPS and Raman spectroscopy.  
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6.1 Improving the Attachment of Pyrenes to GF 

Pyrenes containing OFGs were studied as electrocatalysts for the vanadium redox reaction by 

modifying the basal plane of GF via π‒π stacking.[192] This method has been chosen since it does 

not affect the structure of the electrode and was already successfully applied in the functional-

ization of graphene for other energy storage devices.[199] In a first approach, pristine GF was 

dipped into pyrene-containing DMSO solution, allowing the pyrenes to stack to the graphite 

surface overnight. The modified GFs were subsequently tested in electrochemical half-cell ex-

periments to investigate the redox peak shapes and positions, as well as the charge transfer 

resistances. This approach allowed to quickly survey the available pyrenes in terms of their 

electrocatalytic activity. 

 

Figure 6-1. Qualitative survey of the electrocatalytic activity of functionalized pyrenes. (a,b) Vanadium redox 
reactions in the (a) negative and (b) positive half-cell. (c,d) EIS at an applied potential of -0.45 and 0.9 V vs. 
Ag/AgCl in the (c) negative and (d) positive half-cell, respectively. 

In the negative half-cell (Figure 6-1a), the VIII/VII reduction was enhanced by using the pristine 

pyrene and functionalized 1-Hydroxypyrene (GF-PYR-OH), 1-Pyrenemethanol (GF-PYR-COH), 

or 1-Pyrenecarboxylic acid (GF-PYR-COOH). However, the observed electrocatalytic activity of 
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the carboxylic group was absent for pyrene exposing the functional group bridged via four car-

bon atoms in 1-Pyrenebutyric acid [GF-PYR-(CH2)4-COOH]. The peak currents were also re-

duced by ~40 % for the 1-Acetylpyrene functionalized GF (GF-PYR-COCH3). Pure pyrene could 

provide additional edges for redox reactions, which would explain the increased performance 

in the negative half-cell. There is also an increased activity observable by the oxygen-contain-

ing pyrenes compared to GF, which might have several origins: (i) active oxygen groups; (ii) 

three C6 rings without OFGs working as active sites; (iii) partially unstable OFGs which are re-

duced during cycling at negative potentials, leaving behind hydrogen-terminated edges. For 

the positive half-cell reaction, all pyrene modifications deteriorated the activity of GF (Figure 

6-1b). There was almost no difference visible between pyrene, 1-Acetylpyrene, and 1-Pyrene-

carboxylic acid. Instead, the peak position of the VVO2+/VIVO2+ oxidation was shifted by ~0.2 V 

to more positive potentials for 1-Pyrenemethanol and 1-Pyrenebutyric acid. The functionali-

zation with different pyrenes showed that using pristine GF, OFGs were not beneficial for the 

positive half-cell reaction. The RCT values acquired by EIS at an applied potential reflected the 

activity changes observed by CV (Figure 6-1c,d). 

Pyrenes stack to the basal plane of graphite. Consequently, a higher share of sp2 hybridization 

of the material could result in increased loading. Since unmodified GF with a considerable 

amount of covalently bound and atmospherically adsorbed oxygen at its surface was used, the 

pyrene stacking capabilities were improved by using deoxygenated GF as a precursor. How-

ever, it must be taken into account that this deoxygenation procedure itself provides a higher 

number of active sites due to the introduction of microstructural defects.[200] This can be 

demonstrated by CV (Figure 6-2a), showing the decreased ΔEp from 230 and 270 (GF) to 140 

mV (GF-980) in the negative and positive half-cell, respectively. Additionally, higher peak cur-

rents for the deoxygenated GF are observed. The increased electrocatalytic properties is as-

cribed mainly to two observations (Figure 6-2b): (i) the removal of activity-inhibiting OFGs, 

resulting in an almost oxygen-free surface comprising sp2 hybridized carbon exclusively, and 

(ii) to the introduction of edge sites and carbon vacancies as microstructural defects. The thus 

obtained GF electrodes were treated in the same manner as mentioned above by simple im-

mersion in pyrene-containing DMSO solutions. Following the results of the pyrene survey in 

Figure 6-1, 1-Pyrenebutyric acid and 1-Acetylpyrene were disregarded for further experi-

ments and concentrated on the derivatives displayed in Figure 6-2c. 
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Figure 6-2. Experimental procedure to attach pyrene derivatives to a highly sp2 hybridized GF. (a) Changing elec-
trocatalytic activity of GF because of the prior deoxygenation in both half-cells. (b) Alteration of the surface chem-
ical composition and microstructural properties. (c) Pyrenes used to modify GF. 

6.2 Electrochemical Stability of Modified GF 

At first it was made sure that the electrochemical observations could in fact be ascribed to the 

modification with the pyrene derivatives. Therefore, DEMS investigated the stability of treated 

and untreated GF to analyze the gas evolution during electrode operation. These experiments 

were conducted in the positive half-cell because of the harsher oxidative conditions. In the 

voltage range of vanadium oxidation (0.7 V to 1.1 V vs. Ag/AgCl), the only detected gas is H2, 

which likely stems from the reduction of water at the counter electrode (Figure 6-3a). The 

high variation in the evolution rates can be explained because the evolution of H2 is not the 

only possible reaction at the counter electrode, which was not located close to the carrier gas 
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bubble stream, so that the detachment of H2 bubbles from the electrode itself has happened 

with different rates. The effect of the sudden detachment also explains the wobbling behavior 

in the H2 detection at higher potentials. At the end of the potential scan range, O2 evolution is 

observed, showing the onset of water electrolysis at the working electrode (Figure 6-3b). As 

the O2 signal is weak against its background (see Figure S33), the difference in absolute values 

is likely because of calibration deviations. 

 

Figure 6-3. Gas evolution of pristine and modified GF monitored by DEMS. Evolution of (a) H2, (b) O2 and (c) CO2. 

The CO2 evolution at the working electrodes is depicted in Figure 6-3c. Within the potential 

range for vanadium oxidation, no CO2 release is detected irrespective of the sample, thus show-

ing stability of graphite, surface carboxylates and pyrene coatings against oxidation at these 

potentials. At potentials >1.25 V vs. Ag/AgCl, an exponential increase of CO2 evolution with the 

electrode potential is observed, indicating oxidation of the graphite electrode, in line with lit-

erature observations.[201,202] For GF-PYR, a slightly lower evolution of CO2 was found for a sim-

ilar electrode mass. It can be assumed that the higher chemical stability of unsubstituted py-

rene slows either the degradation reaction itself or the dissolution of CO2 from the electrode 

surface. The total charge passed during the measurement varied between different working 

electrodes. To confirm that higher currents are not entirely because of degradation reactions, 
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Table S2 shows the total amount of charge passed, the total amount of CO2 evolved, and the 

ratio between them, showing that no proportionality exists. Signals for fragments of pyrene or 

substituted pyrene were also monitored, but no evolution was detected. The DEMS measure-

ments thus confirm that pyrenes are stable in the range relevant for the VVO2+/VIVO2+ redox 

reaction. 

6.3 Electrocatalytic Activity of Pyrene-Modified GF 

Another indicator for successful modification and the electrochemical response of pyrene-

modified GF can be seen in a potential range without vanadium-related redox activity. CV 

curves show a higher current response for the pyrene-modified than for the pristine surface of 

GF-980 (Figure 6-4a). 1-Hydroxypyrene furthermore has a distinct redox peak at 0.36, GF-

PYR-COOH at 0.28 and 0.43, and GF-PYR and 1-Pyrenemethanol at 0.23 V vs. Ag/AgCl. 

 

Figure 6-4. Capacitive behavior of pyrene-modified GF-980. (a) CV in the electrochemical double layer region; 
(b) exemplary EDLC measurement on GF-980; (c) EDLC currents at the highest scan rate used; (d) EDLC results. 

 



Electrocatalytic Activity of Pyrene-Modified GF 

69 

To investigate the electrochemical active surface area, EDLC measurements were conducted. 

To this end, the electrode was cycled in a narrow potential window at different scan rates, ex-

emplary displayed for GF-980 in Figure 6-4b. It is shown in Figure 6-4c that at the highest 

scan rate chosen no redox peaks interfere with the capacitive behavior of the modified elec-

trodes. The curves in Figure 6-4d thus reveal a linear relationship of the current at 0.2 V vs. 

Ag/AgCl in relation to the scan rate. The slope of the curves, which represents the EDLC, yields 

a relatively low value of 1.2 mF for GF-980 that is increased for pyrene and 1-Pyrenemethanol 

modified GF-980 to 3.4 mF. While 1-Hydroxypyrene reveals a lower EDLC than non-function-

alized pyrene (2.7 mF), the capacitance is more than doubled for GF-PYR-COOH (7.3 mF). 

 

Figure 6-5. Electrocatalytic activity of pyrene-modified GF-980. CV and EIS in the (a,b) negative and (c,d) positive 
half-cell. 

As a next step, the electrocatalytic activity of the modified GF-980 electrodes in both half-cells 

was analyzed by CV and EIS (Figure 6-5). The ΔEp of GF-980 regarding the VIII/VII redox reac-

tion (140 mV) remains unchanged for GF-PYR (Figure 6-5a), demonstrating that subsequent 

changes can well be associated with the additional functionalization. While the ΔEp extended 

for 1-Hydroxy and 1-Pyrenemethanol modified GF to 170 mV, GF-PYR-COOH revealed a 

(c) (d)
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decreased value of only 110 mV. It is thus surprising that for all samples the RCT (Figure 6-5b) 

is lower than for the unmodified GF-980 (~20 Ω). However, the lowest value is observed for 

GF-980 modified with pyrene (~6 Ω) and 1-Pyrenecarboxylic acid (~3 Ω). It is suspected that 

in fact the pyrenes might provide additional active sites but deteriorate the sorption kinetics 

of the reacted species, thus resulting in variances between voltammetry and impedance values. 

In the positive half-cell, the ΔEp of GF-980 (140 mV) is increased for GF-PYR to 170 mV, but 

even more by 1-Hydroxyprene to 220 mV (Figure 6-5c). While the VVO2+/VIVO2+ oxidation for 

GF-PYR-COOH is kinetically enhanced, the corresponding reduction is hindered, resulting in an 

unchanged ΔEp of 140 mV in comparison to GF-980. It is thus clear that a different responsive-

ness of one specific group with the oxidation and reduction of the vanadium species exists. The 

oxidation behavior in the CV is very well represented by the impedance, showing increased RCT 

values for GF-PYR-OH (~8 Ω) and a by 0.5 Ω lowered barrier for 1-Pyrenecarboxylic acid in 

comparison to GF-980 (~3 Ω, Figure 6-5d). The electrochemical half-cell tests demonstrated 

that the electrocatalytic activity differed regarding the functionalization of the pyrene. For both 

vanadium redox reactions, the overall activity was improved or at least not deteriorated by 

modifying GF-980 with 1-Pyrenecarboxylic acid. It is furthermore possible to use the pyrene 

modification as a basis for more sophisticated treatment studies such as electrochemical acti-

vation. A detailed description of a subsequent activation of GF-PYR using phosphate buffer so-

lution to introduce carbonyl groups can be found in Figure S34. 

6.4 Chemical and Structural Changes by the Modification 

To gain a deeper understanding about the changes in surface chemistry and microstructure 

associated with the pyrene modification technique, GF-980 and the treated samples were in-

vestigated by XPS and Raman spectroscopy. XPS yields information about the oxygen-contain-

ing surface groups of GF-980, comparing all pyrene-functionalized felts after deoxygenation, 

dipping in DMSO, washing, and drying (Figure S35). No signals other than carbon and oxygen 

were detected. The oxygen-free GF-980 became oxygenated by the procedure; even for the 

non-functionalized pyrene the oxygen concentration raised to ~6 at%. For 1-Pyrenemethanol 

and 1-Pyrenecarboxylic acid functionalized pyrene, the surface oxygen content increased to 

~8 at%. XPS does not seem to be a suitable method to discriminate between different pyrenes: 

After the functionalization, the surface of the sample did not necessarily possess the chemical 

composition that one would expect based on the oxygen group on the pyrene derivative used. 

The deconvoluted spectra showed that the concentration of single species did not correspond 



Chemical and Structural Changes by the Modification 

71 

to the initially introduced functional group. However, the high EVBM of GF-980 (3.6 eV) was 

lowered to 2.1 eV for all pyrene-modified samples, indicating the introduction of additional 

charge carriers close to EF regardless of the surface oxygen concentration or predominant type 

of oxygen group. At ~13 eV the 2s σ(C–C) electron states can be identified, which does not 

majorly change in relative intensity, demonstrating the integrity of the graphitic system on the 

surface after the modification.[168,170,171]  

 

Figure 6-6. Microstructural properties of pyrene-modified GF-980. (a) Raman spectrum of GF-980, displaying all 
relevant scattering features. (b) Survey spectra of all samples in comparison. (c) Intensity ratios for the degree of 
disorder and type of defects. The dotted lines represent the mean values of GF-980. 

Changes in microstructural properties after the electrode modification were monitored by Ra-

man spectroscopy. An exemplary spectrum is given in Figure 6-6a, in which all scattering fea-

tures are assigned to the corresponding modes. Figure 6-6b displays a survey spectrum for 

every sample, showing that the pyrene modification itself cannot be detected by Raman spec-

troscopy despite the multitude of signals which pyrene powder possesses.[203] However, im-

portant differences in the resulting structural properties were discovered by the evaluation of 

the various intensity ratios of the D, G, D’ and 2D bands (Figure 6-6c). On each sample, several 

points were acquired to account for the fluctuations resulting from the heterogeneous felt ma-

terial. It can be observed that the 2D to G ratio of GF-980 (0.42) is only slightly decreased up to 

0.36 after the modification, which matches the almost unchanged σ(C–C) signal in the C 2s re-

gion. However, it additionally shows the sensitivity of Raman spectroscopy and that even small 

changes of the sample, such as attaching a monolayer of pyrenes, directly affects the spectral 

features. The famous I(D)/I(G) ratio of GF-980 (1.98) is increased for GF-PYR to 2.14 and 

slightly for GF-PYR-COOH to 2.02, whereas it is lowered for samples modified by 1-Hydroxy- 
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and 1-Pyrenemethanol to 1.96 and 1.88, respectively. Moreover, the type of defect for all sam-

ples but GF-PYR-COOH can be characterized as mainly edge sites due to a ratio close to 3.5 

(3.62 to 3.84). For GF modified with 1-Pyrenecarboxylic acid, this ratio increased to 4.87, sig-

nifying a considerable number of vacancy-type defects whose role as active sites is very un-

derrepresented in literature but was already suspected to play a significant role in Chapter 5. 

Considering the absence of any meaningful differences in the surface chemistry and the previ-

ous results about the importance of graphitic defects for efficient electrocatalysis of the vana-

dium redox reaction, once again the activity corresponds to the microstructural properties re-

sulting from the Raman characterization. While all pyrenes conserved the graphitic structure 

of GF-980, the highest degree of disorder was characterized for the more active samples GF-

PYR and GF-PYR-COOH. However, one cannot disregard the functionalization of the pyrenes, 

since also GF-PYR-OH showed additional surface defects but especially in the positive half-cell 

a decreased activity.  

6.5 Conclusions 

In this chapter, the successful modification of GF electrodes with pyrenes, a special class of 

PAHs which can possess different functional groups, was demonstrated. It was shown that an 

oxygen-free graphite surface enhanced the adhesion and subsequently the electrochemical re-

sponse of the pyrenes. The electrochemical stability of the pyrene-modified GF in a potential 

range relevant for the vanadium redox reactions in the positive half-cell was demonstrated by 

DEMS measurements. The electrocatalytic activity was subsequently tested in half-cell experi-

ments, which showed that pyrenes varying regarding their functional groups exhibit different 

redox properties and charge transfer kinetics, highlighting the non-functionalized pyrene and 

the oxidative properties of the GF modified with 1-Pyrenecarboxylic acid. However, it was not 

possible to discriminate the modified electrodes based on their surface chemistry or electronic 

structure. Instead, GF-PYR and GF-PYR-COOH exhibited a higher number of microstructural 

defects, such as edge sites and carbon vacancies, which could be responsible for their elevated 

reactivity. 
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7 Understanding Efficient Phosphorus-Functionalization of Graphite  

The direct integration of heteroatoms into the surface of GF will increase the electron donor or 

acceptor level, which in theory should enable more efficient charge transfer. This is a topic of 

general concern for a wide variety of energy technologies but has seldomly be considered for 

VFBs. Whereas OFGs and defects can be unstable during electrochemistry, and the binding of 

electroactive particles is difficult because the flowing electrolyte can wash away the valuable 

catalyst, heteroatom functionalization might be able to reliably integrate active sites into the 

lattice of graphite. Theoretical calculations already predicted improved electrocatalytic activ-

ity of doped graphene for the negative vanadium half-cell reaction.[204] Regarding the electrical 

conductivity, wettability, and calculated energy barriers, phosphorus-modified graphene was 

considered a promising approach. Some experimental studies meanwhile characterized an 

electrode treated with boron, phosphorus, nitrogen, or multiple elements for VFBs.[141,205–208] 

For boron-doped GF it was shown that not the total number of atoms is defining (all samples 

exhibited <1 at%) but the type of bonding, since the activity was most improved for the sample 

with the highest share in graphitic boron groups.[205] Thermochemical treatment of GF with 

phosphoric acid resulted in an increased electrode activity, revealing the formation of abun-

dant pores in the range of 0.2 to 20 µm on the surface in addition to phosphorus-containing 

functional groups, which heavily impedes retraction of elevated reaction kinetics to the het-

eroatom only.[206]  

It is thus crucial to consider the effect of other activity-influencing properties. Often by the 

thermochemical treatments, the specific surface area is increased or additional edge sites are 

introduced which catalyze both vanadium half-cell reactions.[34,88,180] Some researchers dis-

cussed the role of the heteroatom since even bird dung was used to improve the electrocata-

lytic activity of graphene.[209] For doped materials, the increased activity is therefore often sec-

ondary associated with the creation of OFGs.[141,210] These, however, do not assist in the charge 

transfer process for the vanadium redox couple, as it was demonstrated previously. 

To achieve a better understanding of heteroatom functionalization of graphite, at first com-

mercial boron (electron-withdrawing) and phosphorus (electron-donating) doped graphene 

alongside homemade samples were studied by half-cell electrochemistry to elaborate on a pro-

spective candidate. To establish correlations between the electrocatalytic and physicochemical 

characteristics, the bulk and surface properties of the material were studied in detail by XRD, 
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XPS and Raman spectroscopy. Based on the thereby gained knowledge, GF was directly phos-

phorus-functionalized and additionally characterized by full cell polarization curves. The un-

derlying study thus provides evidence for the influence of heteroatom functionalization and 

paints a clear picture about the properties which are often changed as a side effect and can 

additionally have an enhancing or detrimental influence on the electrocatalytic activity. 

7.1 Graphene Powder Attached to GF  

To examine the influence of doped graphene on the electrochemical performance, the commer-

cial powders (graphene: G, phosphorus-doped: PG-1, boron-doped: BG) were successfully at-

tached to GF by the method introduced for MWCNTs in Chapter 4.[180] SEM images visualized 

the distribution of small particles at the intersection of fibers or on single fiber surfaces, and 

the absence of big aggregates in the pores (Figure S36). In the P 2p spectrum of GF-PG (Figure 

S37), <1 at% phosphorus is identified, predominantly bound to three carbon and one oxygen 

atoms (C3PO).  

 

Figure 7-1. Electrocatalytic activity of graphene-modified GF. (a,b) CV of the (a) negative and (b) positive half-
cell reaction with ΔEp being indicated. (c,d) EIS in the (c) negative and (d) positive half-cell to assess RCT. 
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CV was used to study the values for the ΔEp of the VIII/VII and VVO2+/VIVO2+ redox couple (Fig-

ure 7-1). The activity of pristine GF (260 mV) in the negative half-cell (Figure 7-1a) was im-

proved by the attached graphene (160 mV). No major additional improvement was observed 

using the doped material. GF-PG-1 revealed a slightly lowered ΔEp (150 mV) and higher peak 

currents. The VVO2+/VIVO2 oxidation (Figure 7-1b) was enhanced for GF-G, but the reduction 

was kinetically hindered, which results in the same ΔEp as for GF (250 mV). Minor improve-

ments were monitored for the doped material (230 and 220 mV). In the negative half-cell, the 

RCT of GF was 36 Ω, while GF-PG-1 showed a much lower value (13 Ω, Figure 7-1c). For GF-BG 

(18 Ω) no improvement was found in comparison to the felt modified using undoped graphene 

(16 Ω). The RCT was also reduced in the positive half-cell from 26 to 11 Ω, especially by the 

attached phosphorus-doped graphene (Figure 7-1d). Even though the electrocatalytic activity 

of GF could be improved by attaching doped graphene, the possibilities of heteroatom func-

tionalization must be studied in more detail to understand the important material properties 

for efficient electrode improvement. 

7.2 Electrocatalytic Activity of Doped Graphene 

The electrocatalytic activity of the pure commercial material was studied. For referential pur-

pose, a CV curve was recorded for a blank GC electrode and drop-cast graphene powder (Fig-

ure 7-2a). Two commercial graphene powders, of which one was heat-treated under inert gas 

at 3000 °C to heal defects and remove surface groups, were used. In contrast to heat-treated 

G3000, pristine graphene showed a pre-located sharp redox peak below 1 V vs. Ag/AgCl, which 

is caused by a splitting of the redox signals when vanadium is reduced/oxidized either at basal 

planes or more active edges sites. The higher catalytic activity of graphene was associated with 

an increased disorder, which resembled active defects such as edge sites. To demonstrate this, 

basal and edge plane exposed HOPG electrodes were investigated, revealing improved redox 

kinetics for the edge plane exposed electrode (Figure S11).[34,71] The additional active defects 

of graphene were furthermore well-visible in the corresponding Raman spectra (Figure S38). 

The defect-poor G3000 was thus chosen as a reference for the doped material to omit falsifying 

alterations in the activity. 
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Figure 7-2. CV of drop-coated carbon-based material. (a) Blank GC and two different graphene powders. (b,c) 
Defect-free graphene (G3000) and doped graphene in the (b) negative and (c) positive half-cell. (d) A mixture of 
pulverized GF and G3000 at different mass ratios. (e,f) G3000 and doped graphene mixed with GF in a ratio of 1 
to 4 in the (e) negative and (f) positive half-cell. 

In both half-cell electrolytes (Figure 7-2b,c), the boron-doped graphene provided a lower ac-

tivity than G3000, observed by a low current response and undefined peaks. Although PG-1 

was rather inactive towards both half-cell reactions, a small VVO2+/VIVO2+ oxidation peak like 

defective graphene was visible. Due to these promising results, phosphorus-doped graphene 

(PG-2) was synthesized using a known method.[211] It showed improved redox kinetics and de-

veloped distinct redox peaks in both half-cells. However, rising currents towards the hydrogen 

and oxygen evolution reaction were detected. This was further examined in a vanadium-free 

sulfuric acid electrolyte, exposing the activity of PG-2 for these side reactions (Figure S39). 

As a next step, the activity of the doped material interacting with a graphite-based matrix, i.e., 

in contact with the felt, was inspected to converge the results observed for graphene-modified 

GF. GF was pulverized but could not be dispersed in a variety of solvents such as H2O, DMSO, 

or IPA even with the addition of a surfactant and binder. Therefore, it was mixed with G3000 

in different ratios to force a homogeneous dispersion of aggregates by π–π stacking, followed 

by drop coating on GC to study the catalytic activity (Figure 7-2d). By adding four times the 

mass of G3000 to GF, a homogeneous dispersion was obtained, which was directly observed in 
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the CV by the formation of two distinct redox peaks. This ratio was thus chosen for the inves-

tigation of the doped material in both half-cell electrolytes (Figure 7-2e,f). PG-2 showed well-

defined redox peaks in the negative electrolyte, lower selectivity towards hydrogen evolution, 

and the highest currents in the positive electrolyte, whereas BG and PG-1 remained rather in-

active. 

7.3 Physicochemical Characterization of Doped Graphene 

To establish relationships between chemical and microstructural properties and the electro-

catalytic activity of the material, XRD, Raman spectroscopy and XPS were employed. By XRD, 

the degree of graphitization was analyzed (Figure 7-3a). Graphite powder was used as a ref-

erence, showing Bragg reflections corresponding to the 002, 100, 101, 004, 110, and 112 

planes located at 2θ = 26.5, 42.4, 44.7, 54.6, 77.5, and 83.6°, respectively.[102] These reflections 

were equally present for G3000 and PG-2. In contrast, the commercial PG-1 and especially BG 

revealed an amorphous appearance.  

Structural differences were further studied by Raman spectroscopy (Figure 7-3b). The main 

features of graphite are the G band at ~1580 cm–1, resembling the in-plane stretching of C=C 

bonds, and the D band at ~1330 cm–1, induced by disordering such as edge sites.[92,93] The in-

tensity ratio of the D and G band provides useful information about the degree of disorder in 

the sample.[73,94] Heat-treated G3000 had a low I(D)/I(G) ratio of 0.07, which was slightly in-

creased to 0.13 due to the doping procedure for PG-2. In contrast, the commercial BG (1.89) 

and PG-1 (1.76) showed a high number of defects and a vanishing 2D signal, correlating to the 

amorphous XRD pattern.  

The chemical composition was analyzed by XPS (Figure 7-3c–g, Figure S40). In the O 1s detail 

spectra of G3000 (Figure 7-3c), three different carbon–oxygen components were identified: 

carbonyls (O=C) at ~531.1 eV, hydroxyls (O−C) at ~532.1 eV, and carboxylic groups (O=C−O) 

at ~533.1 eV.[137,160,161] An additional oxygen component was present for BG and PG-1 at 

~530.9 and 530.7 eV, arising from oxygen bound to boron or phosphorus, respectively. Six dif-

ferent contributions in the C 1s region (Figure 7-3d) were visible for all samples: sp2 hybrid-

ized carbon at ~284.4 eV, sp3 related carbon at ~285.2 eV, and carbonaceous components at 

~286.7–289.6 eV.[141,212] For BG, boron (~3.1 at%) was equally bound to three carbon atoms 

in the basal plane (190.9 eV), and at the edge site to two carbon and one oxygen atom (192.4 

eV).[213,214] PG-1 reveals phosphorus (~2.4 at%) majorly coordinated to one or two carbon 
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atoms (133.4 eV), and the lesser amount covalently substituted in the graphite lattice (132.1 

eV). Elemental phosphorus was present (129.6 eV). In contrast, PG-2 had a lower doping con-

centration of <1 at%, further exhibiting a lower share in edge site located and no elemental 

phosphorus (Figure S41).  

 

Figure 7-3. Physicochemical characterization of pristine and doped graphene. (a) XRD pattern with graphite as a 
reference. (b) Raman spectra with the assigned vibrational features, and the evaluated D to G ratio. (c‒f) Decon-
voluted detail spectra of the (c) O 1s, (d) C 1s, (e) B 1s/P 2s, and (f) P 2p signals. The respective concentration of 
each element is indicated. (g) The VB region close to EF. 

Close to EF, more information about the electronic structure of the material was assessed (Fig-

ure 7-3g). The domains below EF are occupied by C 2p (2 to 12 eV), C 2s (to 22 eV), and O 2s 

(above 22 eV) valence electrons.[152,168,169] A sharp signal for BG at ~16 eV corresponds to the 

B 2s core level. All samples showed a non-zero state between 0 to 3 eV because of 2p‒π elec-

trons in the basal plane.[170] The steep onset of electron density for G3000 (~3 eV) shifted to 

lower values for BG (2.6) and PG-1 (2.1). This suggests that a higher electron density exists 
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close to EF and therefore the electrode could in theory more easily take part in charge transfer 

reactions. Especially for PG-1, this uplift was not reflected in the catalytic activity.  

In contrast to the electron enrichment in the VB (Figure 7-3g) and the high number of defects 

for the doped graphene, several properties were observed which influence the activity nega-

tively. It was already demonstrated that surface oxygen inhibits the electron transfer, which 

could explain the poorer performance of BG (~10 at%) and PG-1 (~11 at%) compared to PG-

2 (<1 at%).[180,200] In an elemental analysis (Table S3), an even lower carbon content for the 

commercial powders (76 to 78 %) was revealed. The high degree of bulk oxygen is suspected 

to impede the electrical conductivity. The amorphous XRD pattern and a broadened sp2 carbon 

feature (from 0.8 to 1 eV) in the photoelectron spectra demonstrated low long-range order and 

decreased graphitic character at the surface, both detrimental for the catalytic activity.[74,77] 

Considering the higher dopant concentration of PG-1 (~2.4 at%) compared to PG-2 (<1 at%), 

the number of foreign atoms in the structure might not define the electrocatalytic activity. In-

stead, it could be more important how the phosphorus is embedded in the lattice. In my case, 

a low number of mainly graphitic coordinated phosphorus (C3PO) was responsible for a re-

markable change of the electrochemical performance. In summary, for a material which main-

tains low degree of oxygenation and high long-range order, phosphorus-doping could be a suit-

able strategy to improve the activity. 

7.4 Directly Phosphorus-Functionalized GF 

After the previous investigation, phosphorus-doped material stood out as a promising candi-

date to improve the activity, suggesting that electron-donating species could be beneficial. The 

discrepancy between our and previous published results may be resolved considering that 

most modification techniques go along with significant changes not only to the surface chem-

istry, but also alter morphology and the nature and density of other graphitic defects. As it has 

been shown by my previous works, these changes alone may explain a significant part of the 

observed catalytic improvement, either by increasing the active surface area or by improving 

the kinetics of charge transfer. The significance to prevent changes in morphology and to mon-

itor the density of graphitic defects when the effect of heteroatom functionalization is evalu-

ated is therefore expressed. 

To study the effect of phosphorus-functionalization for GF, a slightly modified method used for 

PG-2 was employed. To exclude any influence on other felt properties of the obtained GF-P, 
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various analytical tools were used. By SEM, it was ruled out that the treatment damaged the 

material visibly (Figure S42). In the XRD pattern (Figure 7-4a), four out of six graphene reflec-

tions were present for both pristine GF and GF-P that did not differ concerning their positions, 

relative intensities, or FWHM values, proving that the modification had no effect on the degree 

of graphitization. 

 

Figure 7-4. Physicochemical characterization of GF and GF-P. Microstructural properties analyzed by (a) XRD 
and (b) Raman spectroscopy. (c–e) XPS detail spectra of the (c) O 1s, (d) P 2p and (e) VB region. 

The change of disorder was monitored by Raman spectroscopy (Figure 7-4b). The D to G ratio 

of GF slightly increased from 1.95 to 2.05 due to the modification. Additional defects were also 

reflected in the relatively less intense 2D band. By XPS, the level of oxygenation was studied 

(Figure 7-4c), since it was proposed that oxygen-rich phosphate groups can enhance the ac-

tivity of GF, which had to be excluded as a possible influence.[210] The low oxygen content of 

the pristine felt (~7 at%) was maintained by the functionalizing treatment. The phosphorus 

concentration was estimated to <1 at% by the analysis of the P 2p region (Figure 7-4d). In 

contrast to other publications that deal with phosphorus functionalization of GF, herein it was 

not bound to carbon by an oxygen bridge as a functional group but directly substituted for a 

carbon atom in the graphite lattice, either in the basal plane (C3PO) or at the edges 
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(C2PO2/CPO3).[206,210] Due to the low increase in disorder and the absence of pores in the SEM 

images, it can be concluded that the changes in the electrochemical performance of GF-P are 

associated mainly with the substitution. Similar to the doped graphene powders, it was seen in 

the VB region that the treatment increased the DOS by ~0.7 eV (Figure 7-4e). Furthermore, a 

shift of the σ(C−O) signals toward the C 2p region was determined which corresponds to the 

presence of majorly hydroxyl and carboxylic groups over carbonyl and ether groups and agrees 

well with observations in the O1s spectrum (Figure 7-4c).[152] 

 

Figure 7-5. Electrochemical half-cell performance and electrical conductivity of pristine and modified GF. CV in 
the (a) negative and (b) positive half-cell with ΔEp being indicated; (c) EDLC for the anodic and cathodic current 
responses. (d,e) EIS at an applied potential of 0.9 V vs. Ag/AgCl in (d) half-cell and (e) full cell battery electrolyte. 
(f) Electrical conductivity under compression. 

The electrochemical half-cell performance of GF-P was studied in comparison to pristine GF 

and a felt treated analogous to GF-P, but in the absence of a phosphorus source (GF-1000). This 

was conducted since the performance of GF is already improved by a surface cleaning at high 

temperatures under argon atmosphere.[200] This could be seen by an improved ΔEp for GF-1000 

from 260 (GF) to 140 mV in the negative half-cell (Figure 7-5a). However, the ΔEp was further 

decreased to 80 mV for GF-P. Similarly, in the positive half-cell GF-P showed a lower ΔEp (90 
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mV) than the less active GF (280 mV) and the thermally treated GF-1000 (140 mV, Figure 

7-5b). The EDLC was studied to qualitatively compare the electrochemically active surface 

area.[215] The low value of GF (~1.2 mF) was increased by a factor of ~5 due to the phosphorus-

functionalization (Figure 7-5c). The EDLC is mainly related to the graphitic disorder, as the 

basal plane has low values, followed by edge sites and carbon vacancies or point defects, as it 

is the case for GF-P.[179]  

A further investigation of the electrochemical impedance confirmed the success of the modifi-

cation (Figure 7-5d,e and Figure S43) by lowered RCT values for the VVO2+/VIVO2+ redox reac-

tion from 26 to 1 Ω. Additionally, EIS measurements were repeated using the electrolyte com-

position of the full cell experiments. Whereas the RCT value of GF-P remains almost unchanged 

at ~2 Ω, the slow reaction kinetics of pristine GF become less relevant, exposing a much lower 

RCT of 7.5 at higher vanadium and sulfuric acid concentrations. To study in more detail whether 

reduced RCT values are a consequence of higher electrical conductivity, the area specific re-

sistance under compression was evaluated (Figure 7-5f). It is seen that there is no significant 

difference between GF and GF-P, marking faster reaction kinetics to be responsible for the en-

hanced electrocatalytic activity. The experimental procedure regarding the heating tempera-

ture (Figure S44), the concentration of the precursor solution, and the reaction environment 

(Figure S45) were optimized for the synthesis of the herein presented GF-P.  

 

Figure 7-6. Electrochemical full cell performance of GF and GF-P. (a,b) Polarization curves (a) at a flow rate (FR) 
of 130 mL min−1 and (b) at different FRs. (c) Power curves at different FRs. 

To investigate the electrochemical performance of GF-P under nearly realistic operation con-

ditions (i.e., forced convection of the electrolyte through the electrodes), VFB test cells were 

equipped with the samples and the polarization curve method was conducted at SoC ⪆50 %. 

Thus it can be quantitatively and qualitatively distinguished between different types of voltage 
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losses of kinetic activation, ohmic and mass-transport overpotentials.[216] The polarization 

curves of GF and GF-P at a flow rate of 130 mL min−1 are displayed in Figure 7-6a. The pro-

gression of the U vs. i curves of GF-P and GF at low current densities shows the polarization 

losses due to the kinetic activation of the electrodes. While GF reaches a cell voltage of 1.0 V at 

already 240 mA cm², a current density of 410 mA cm² is required for GF-P. While GF-P clearly 

transits into a linear Ohmic loss region at about 1.2 V, this behavior is not very pronounced for 

GF. The phosphorus-functionalized felt further shows improved reaction kinetics in that region 

by a lower slope compared to pristine GF. A precise observation of the progressions of the U 

vs. i curves of GF-P especially reveals a decent exponential-like decrease at high current densi-

ties above 1.5 A cm², which is an indicator for mass transport overpotentials. For GF, a pro-

gression from a linear to an exponential-like region cannot be observed without uncertainty. 

This shows that the cell voltage was lowered by kinetic activation and by mass-transport over-

potentials, which likely resulted from the slow kinetics of the VII oxidation in comparison to 

the fast VVO2+ reduction.[217] A cell voltage of 0.0 V was reached at current densities of 1.05 and 

2.30 A cm², respectively, demonstrating the ability of GF-P to tolerate higher limiting currents. 

Despite of high educt availability (high in theory due to a high flow rate and high vanadium 

concentration), the lowering of the flow rate caused a ‘forking’ of the polarization curves even 

at very low current densities (Figure 7-6b). The current density which is necessary to reach a 

potential of 1.0 V is dependent on the flow rate, increasing from 100 over 220 to 410 for flow 

rates of 70, 100, and 130 mL min−1, respectively. In summary, we conclude that under realistic 

operational conditions, the superior GF-P electrode material scores by lower polarization 

losses, faster redox kinetics, and an improved availability/removal of educt/product, respec-

tively, during the VFB discharge reaction. This is further expressed by the high peak power 

density in Figure 7-6c of GF-P (690 mW cm−2), which is more than twice as for GF (333 mW 

cm−2). 

7.5 Conclusions 

In this chapter, the influence of phosphorus heteroatom functionalization on the electrochem-

ical performance of graphene and GF was studied. By using commercial in comparison to syn-

thesized phosphorus-functionalized graphene, the important physicochemical properties for 

an active electrocatalyst for the vanadium redox reactions were assessed. A high degree of 

graphitization and low number of surface and bulk oxygen groups were considered necessary 

to profit from phosphorus as additional active site. The amorphous appearance and high 
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surface as well as bulk oxygen content of the commercial powders were detrimental to the 

activity of the material. Consequently, rationally synthesized phosphorus-doped graphene 

showed a high catalytic activity. This knowledge was transferred to realistic battery electrodes 

to successfully functionalize GF, which showed high electrocatalytic activity for both half-cell 

reactions. Full cell polarization curves demonstrated a lower iR-drop and reduced kinetic and 

mass transport overpotentials. Retaining important graphite properties such as a highly or-

dered sp2 carbon content, low concentration of OFGs, and incorporating phosphorus directly 

into the graphite lattice matters more than the sheer concentration of the heteroatom. This 

project highlights the importance of an in-depth view on the surface properties of GF since one 

altered property cannot be made responsible for changes in the activity, when other material 

characteristics are not monitored equally.
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8 The Work Function Describes the Electrocatalytic Activity of 
Graphite  

In Chapter 7, it was shown that enrichment with electrons near EF by functionalization with 

electron-donating elements such as phosphorus might be responsible for improved charge 

transfer kinetics of GF for the vanadium redox reactions. Recalling the scheme on the graphite–

electrolyte interface in Figure 1-2e, a different strategy seems appropriate as well: If the vac-

uum energy (EVac) is defined as zero, a lower work function (WF, Φ = EVac − EF) brings EF closer 

to the redox potential of the electrolyte. This was demonstrated for metals, such as copper or 

silver, yielding improved charge transfer properties for the electrocatalytic CO2 reduction.[27] 

However, experimental results on the influence of the WF vary and therefore cannot be readily 

extrapolated from one system to another. One study of Au–Ag alloys suggests more efficient 

CO2 reduction by increasing the WF, while another work claims the opposite for silver elec-

trodes.[28,29] For carbon-based electrodes used in the oxygen reduction reaction, a lower WF 

has been found to be beneficial.[30]  

Herein, pristine and activated GF for the VVO2+/VIVO2+ redox reaction is investigated to elabo-

rate the correlation between electrocatalytic activity, physicochemical properties and elec-

tronic structure by combining results from half-cell electrochemistry, SEM, XPS and UPS, as 

well as Raman spectroscopy and REELS. Argon ion bombardment on HOPG was considered as 

a possible model to find interactions between graphitic defects and the electronic structure. 

Finally, PAHs were attached to graphene to observe electrochemical changes associated with 

the architecture of carbon edge sites, linking micro- and electronic structure in detail. 

8.1 Electrocatalytic and Microstructural Properties of GF 

Two activation procedures were used to compare felt electrodes that differed in their electro-

catalytic activity and structural properties. (i) a deoxygenation process introduced in Chapter 

5 using a mixture of argon and H2 gas was employed to purify the surface of oxygen (GF-H2).[200] 

(ii) a thermally activated sample oxidized in air (GF-TA) was chosen to consider a conventional 

treatment relevant to industrial scale. The electrocatalytic activity for the vanadium redox re-

action was evaluated in electrochemical half-cell experiments. In this chapter, the focus lies on 

the VVO2+/VIVO2+ reaction as an example because it is kinetically sluggish and in general harder 

to facilitate. It should be mentioned that the relevant parameters obtained for the oxidation of 
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vanadium species in the positive half-cell do not necessarily correspond to those driving re-

ductive reactions in a VFB such as the VIII/VII reduction reaction in the negative half-cell. 

To describe the activity of an electrode, ΔE and RCT were determined. It was found that ΔE de-

creased from 230 (GF) to 140 (GF-H2) to 100 mV (GF-TA) after activation (Figure 8-1a). Cor-

respondingly, RCT decreased from 22 to 3 to 1 Ω in the same order (Figure 8-1b). This demon-

strated that both activation methods increased the electrocatalytic activity of GF, but thermal 

oxidation did so to a higher extent. 

 

Figure 8-1. Electrochemical and structural characterization of GF. (a) CV in the positive half-cell, displaying ΔE 
between the VVO2+/VIVO2+ redox peaks. (b) EIS at an applied potential to assess RCT. (c–e) High-magnification SEM 
images showing the morphology of (c) GF, (d) GF-H2, and (e) GF-TA. (f–h) Raman spectra, illustrating (f) an ex-
emplary deconvolution of the characteristic vibrational features of GF; (g) each felt stacked for comparison, and 
(h) the results of the deconvolution. 
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To explain the differences in electrocatalytic activity, the physicochemical properties of the 

felts were studied. Structural defects and morphological changes on the microscale resulting 

from the treatments were visualized by SEM. Figure 8-1c–e shows that the smooth surface of 

GF was preserved after deoxygenation, but additional pores were created by thermal activa-

tion. While the total surface area of GF-TA (3.41 m2 g−1) is larger than that of GF (0.64 m2 g−1) 

and GF-H2 (0.69 m2 g−1), previously it was demonstrated that the active surface area normal-

ized to the electrochemical double layer is higher for the latter due to a higher density of de-

fects. 

A deeper investigation down to the nanoscale was achieved by Raman spectroscopy. The addi-

tional presence of defects on GF-H2 was detected by evaluating the intensity ratio of the D and 

G bands in the spectra.[218] The I(D)/I(G) ratio increased from 2.00 (GF) to 2.25 (GF-H2) to 2.65 

(GF-TA), indicating that both activation methods introduced additional defects, but thermal 

activation yielded more disorder. In addition, the half-width of the D band increased from 49 

to 57 cm−1 for GF-TA, which can be attributed to the increased number of defects. 

The chemical composition studied by XPS showed surfaces consisting of carbon and oxygen 

only (Figure S46). No oxygen was present on GF-H2 due to the deoxygenation process. The ox-

ygen concentration decreased after thermal oxidation from 6.0 at% on GF to 4.5 at% on GF-TA, 

which can be attributed to the removal of the atmospherically oxidized upper graphite layer, 

exposing an underlying, less oxidized layer. To quantitatively describe the degree of graphiti-

zation of a carbonaceous sample, the D-parameter, evaluated in the C KLL Auger region, was 

used.[219] In this case, the D-parameter of GF (22 eV) was increased after deoxygenation (23 

eV) and decreased for GF-TA (21 eV). Accordingly, deconvolution of the C 1s spectra revealed 

that the sp2 content increased for GF-H2 (81 to 88 at%) and decreased after thermal activation 

(to 79 at%). This agreed well with the disorder characterized above by SEM and Raman spec-

troscopy.  

8.2 Electronic Structure of GF 

Another method to study the integrity of the graphite structure, especially the upper surface 

layers, is REELS. A beam of electrons with a certain energy is scattered on the surface of the 

sample. Most of the electrons are scattered elastically, but a small fraction transfers energy to 

the system by exciting internal energetic transitions. In graphitic materials such as HOPG, a 

well-defined π–π* transition can be observed at 6.6 eV (Figure S47). The relative intensity and 
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position of the loss feature characterize the graphitic degree, as demonstrated by argon ion 

bombardment: the inelastic scattering feature was weakened and shifted to lower energy loss 

values. A higher degree of graphitization for GF-H2 was therefore indicated by REELS through 

the higher relative intensity of the π–π* transition, in contrast to the low-intensity signal for 

GF-TA (Figure 8-2a).[220] However, both samples showed a slight shift from 6.1 eV (GF) to 

lower energy values of 6.0 (GF-H2) and 5.9 (GF-TA) due to the damaging pretreatment. 

 

Figure 8-2. The electronic structure of GF. (a) The integrity of the π-conjugated system is analyzed by the π–π* 
transition using REELS. (b) The electronic DOS below EF is probed by UPS. (c) At an applied external bias, the 
cutoff energy of the valence electrons yields the WF. (d) Detailed investigation of the threshold energies close to 
EF to determine the VBM. (e) By combining the information retrieved from UPS, an electronic band diagram is 
constructed. 

To establish correlations between the previously evaluated characteristics and the electronic 

structure, UPS was used to study the DOS near the Fermi level. Compared to XPS, which permits 

the emission of electrons from the first 10 nm of a sample, UPS is much more surface sensitive, 

penetrating only the first 2.5 nm due to the lower excitation energy of UV light. Consequently, 

the electronic structure of the surface can be evaluated with high resolution. For graphitic ma-

terials, the range from 2 to 12 eV below EF is occupied by C 2p electrons and above by C 2s 

electrons (Figure 8-2b).[152,169] The region of the C 2p orbital can be divided into two contribu-

tions originating from 2p–π and 2p–σ electrons. The DOS extends until EF where the π and π* 

bands touch, characterizing graphite as a zero bandgap semiconductor (compare Figure 

1-2d).[170] For GF-H2, a strong 2s–σ signal at ~13 eV was detected due to the higher graphitic 

degree of the sample.[171] In addition to differences in VB occupation which describe the elec-

tronic structure of the material, an energy cutoff at higher binding energies can be used to de-

termine the WF. This value can be accurately evaluated with a bias voltage applied to the 

(e)



Electronic Structure of GF 

89 

specimen, increasing the slope of the cutoff (Figure 8-2c). In addition, an energy threshold 

near EF was used to define the EVBM of the respective atomic orbital to describe from which 

energetic level on charge carriers are located (Figure 8-2d).  

The values of the UPS characterization were used to draw a schematic band diagram, in which 

EF is defined as the reference point for the comparison of the samples (Figure 8-2e). It was 

assumed that underlying graphite layers, which were not affected by the treatment, resemble 

the surface of untreated GF. Therefore, an energetic passage between the different materials at 

EF was defined as shown in the scheme. It is observed that the WF decreased from 4.6 eV for 

GF through 4.4 eV for the more active GF-H2 to 4.2 eV for GF-TA, which revealed the highest 

electrocatalytic activity. Moreover, an inverse correlation between the WF and the degree of 

disorder characterized by Raman spectroscopy can be established: a lower WF corresponds to 

a higher I(D)/I(G) ratio. The VBM of the 2p–π electrons is slightly increased after deoxygena-

tion (1.5 to 1.6 eV) due to the increased sp2 content.[200] In contrast, the values for GF-TA remain 

unchanged, indicating that the disorder introduced through deoxygenation and thermal acti-

vation does not have a large effect on the electronic structure in the VB.  

Charge accumulation was detected at the interface between the untreated felt and the deoxy-

genated surface by a shifted C 1s signal (+0.1 eV). In the drawing, this is sketched as a down-

ward band bending behavior typically known from semiconductors. Since GF and GF-H2 both 

exhibit the properties of a semiconductor and GF resembles the bulk beneath the modified sur-

face layers, two semiconducting materials touch at the interface between the surface and bulk.  

This bending is thus attributed to a lower electrical conductivity in the direction perpendicular 

to the surface, in which the graphene layers are arranged, due to their higher degree of graph-

itization. To confirm that differences in the electronic structure are mainly linked to structural 

disorder and not the concentration or presence of surface oxygen groups, the thermally acti-

vated felt (GF-TA) was subjected to the deoxygenation and analysis procedure (Figure S48). 

Only slight changes in the electronic structure were observed for deoxygenated GF-TA: the 

treatment resulted in a further decrease of the WF and VBM to 4.1 eV and 1.6 eV, respectively. 

In agreement with the previous study on GF-TA, which showed that charge transfer properties 

can be enhanced by the removal of surface oxygen, this is further evidence that WF and elec-

trocatalytic activity are linked.[180,200]  
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8.3 HOPG as Model System 

To study the effects of disorder on the electronic structure in more detail, HOPG was chosen as 

a model substrate. Initially the HOPG surface was contaminated by atmospheric oxidation and 

thus exhibited oxygen (~4 at%), a low D parameter (17 eV), and a reduced sp2 carbon content 

of ~78 at% (Figure S4). In a second step the surface was cleaned with argon ion clusters, which 

increased the D-parameter to 24 eV and the sp2 content to ~93 at% as expected for almost 

perfect graphitic material. Subsequently, defects were introduced by bombardment with mon-

oatomic argon ions. This resulted in an additional contribution in the C 1s spectra due to the 

formation of carbon vacancies.[221] At all three stages of the substrate (untreated, cleaned, 

etched), UPS was used to follow the evolution of the electronic structure and sketch a band 

diagram (Figure S47and Figure S50). Removal of oxygen and sp3 carbon resulted in a sharp 

drop in the WF from 4.9 to 4.2 eV. However, this value was maintained after ion bombardment, 

which illustrates that vacancies do not affect the level of the WF. Instead, the EVBM of the 2p–π 

electrons was raised from 0.9 to 0 eV, indicating a metallic character for the damaged HOPG. 

This highlights the different influences of various defects on the electronic properties of graph-

ite. Point defects introduced by ion bombardment altered the EVBM similarly to the introduction 

of additional charge carriers by doping. Argon ions implanted in the material during ion bom-

bardment cannot be held responsible for the changes in the electronic structure, since at the 

time of the UPS measurements, the volatile argon has already escaped through the defects into 

the atmosphere. This is confirmed by the absence of argon-related signals in the spectra after 

bombardment. The presence of predominant edge defects on GF is evident from previous stud-

ies in which we considered the nature of disorder by Raman spectroscopy, and from the ab-

sence of an additional peak in the C 1s spectra after the activation (Figure S46) that would 

correspond to vacancies.[180,200] The edge sites on GF-H2 and GF-TA, on the other hand, decrease 

the WF but leave the VB level unchanged.  

8.4 Influence of Edge Geometry 

The importance of edge sites for the electrocatalysis of vanadium redox reactions is demon-

strated by CV curves of pyrolytic graphite electrodes exposing either predominately basal or 

edge planes (Figure 8-3a). For the HOPG electrode with edge site orientation, the VVO2+/VIVO2+ 

oxidation wave exhibited higher peak currents and was shifted to lower potentials, confirming 

the higher reactivity of these regions compared to the basal plane. However, since edge sites 

have both armchair and zigzag configuration in real electrodes, their individual contribution 
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cannot be assessed by this measurement. Therefore, graphene was modified with PAHs that 

differ in their orientation and the number of conjugated rings. Two PAHs with armchairs, phe-

nanthrene (P-G) and chrysene (C-G), and two with zigzag edges, anthracene (A-G) and te-

tracene (T-G), with three and four rings, respectively, were chosen to account for the edge type 

and size effect. The successful modification was observed by redox signals in a region where 

graphene otherwise shows no faradaic potential (Figure 8-3b).  

 

Figure 8-3. Electrochemical characterization of carbon edge sites in 0.1 M VIVO2+/2 M H2SO4 electrolyte. (a) Com-
parison of the basal and edge plane of pyrolytic graphite; (b) current response in the double layer region. (c,d) 
Comparison of the catalytic activity of (c) armchair and (d) zigzag edge site PAH-modified graphene. 

The modified graphene powders were then used to evaluate their electrocatalytic activity (Fig-

ure 8-3c,d). In the CV curves, pure graphene shows two oxidation peaks. We assume these 

signals do either correspond to the basal plane (1.49 V) and the more active edges (1.11 V) of 

its finite platelets like the observations on pyrolytic graphite, or they arise because of two edge-

related carbon atoms: There could be an electrochemical difference between sp2 and sp3 bound 

carbon at the edge of one C6 ring and in between two conjugated rings. The electrocatalytic 

activity was increased for all PAH-modified electrodes, evidenced by a shift of both oxidation 
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signals to lower potentials. However, differences were observed for the onset and peak poten-

tial of the oxidation, as well as in the maximum peak current. A larger π-conjugated system as 

four conjugated rings shows a more defined first signal (C-G and T-G), while for the three-ring 

PAHs the two peaks almost merge. It was shown by the comparison of armchair (C-G) to zigzag 

edges (T-G) with four rings that the onset potential decreases from 0.84 to 0.81 V, the first peak 

potential increases from 0.96 to 9.94 V and its peak current from 5.7 to 7.5 mA cm−2. These 

results highlight two important findings: (i) the role of edge geometry, with zigzag edges being 

superior to armchair edges, and (ii) the importance of π-conjugation, showing that larger gra-

phitic systems can use their edges more effectively. 

 

Figure 8-4. The electronic structure of natural vs. armchair vs. zigzag carbon edge sites. (a) The π–π* transition 
in REELS. (b) The electronic density below EF, probed by UPS. (c) At an applied external bias, the cutoff energy of 
the valence electrons yields the WF. (d) Detailed investigation of the threshold energies close to EF. (e) Model of 
the electronic band diagram.  

The structural and electronic properties of the modified powders were then examined to find 

a descriptor for the differences in activity. Raman spectroscopy revealed no discernible differ-

ences between the samples (Figure S51) which can be attributed to the strong signal contribu-

tion of the underlying graphene. In contrast, due to the high surface sensitivity of REELS and 

UPS, the changes in the electronic properties could be well observed. To establish meaningful 

correlations, the least and most reactive PAHs, P-G and T-G, were analyzed in detail and com-

pared with pristine graphene. It was first made sure that the chemical composition of the sur-

face remained almost unchanged after modification. Only T-G showed a slight increase in oxy-

gen content, which can be attributed to the higher chemical reactivity of the zigzag edges 

(Figure S52).[222] However, as demonstrated using GF-TA, even surface oxygen contents of >4 

(e)
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at% did not significantly affect the results of the electronic structure analysis. As for GF-H2, 

charge accumulation at the interface between graphene and PAH is evidenced by a slight shift 

in the sp2 carbon peak in the C 1s spectra (+0.2 eV), which could be attributed to the electrically 

insulating property of the PAH. The π–π* transition recorded by REELS was more pronounced 

in P-G because a layer of fully π-conjugated electrons has been added (Figure 8-4a). In con-

trast, the transition peak of T-G decreased due to the perturbation of the system (see Figure 

1-2a for comparison), forming π-radicals responsible for the higher chemical reactivity of the 

zigzag edges.[223] 

Graphene showed a strong contribution of 2s–σ electrons in the UPS spectra, which was dras-

tically reduced after modification with non-graphitic PAH (Figure 8-4b). Again, the WF and 

EVBM were extracted from the UPS spectra by careful examination of the cutoff energy at applied 

bias and the threshold near EF (Figure 8-4c,d). In the band diagram in Figure 8-4e it is seen 

that the WF of graphene is the same as that of cleaned HOPG (4.2 eV) but it is significantly 

reduced by the attached PAHs. Charge accumulation at the interface of graphene and PAH was 

again sketched as band bending behavior. Armchair edges have a semiconducting and zigzag 

edges a metallic character.[224] This explains why EVBM is reduced for P-G (from 1.8 to 2.1 eV); 

however, it is not further increased for T-G.[224–226] Again, the electrocatalytic activity of the 

materials corresponds well with their respective WF levels, reconfirming the importance of 

this parameter previously derived from the analysis of the modified GF electrodes. The WF is 

reduced by the additional armchair edges of the P-G (4.0 eV), but even more by the zigzag edges 

of the highly active T-G (3.8 eV). In summary, these results show a clear correlation between 

the electronic structure, microstructure, and electrocatalytic activity and prove that a decrease 

of the WF, which can be achieved by the introduction of (preferably zigzag) edge sites effec-

tively increases the electrocatalytic activity of graphite. 

8.5 Conclusions 

Pristine, thermally activated and deoxygenated GF electrodes were studied to establish corre-

lations between electrocatalytic activity, structural and electronic properties. Morphological 

defects, such as edge sites, form the basis for successful charge transfer in the redox reactions 

occurring in vanadium flow batteries. These defects were investigated by Raman spectroscopy 

and SEM to establish a correlation between the electrocatalytic activity and the microstructure. 

By examining the electronic structure using UPS, we found that the catalytic activity correlates 

with the WF level of the material. Argon bombardment of HOPG showed that point defects do 
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not affect the WF, but instead increase the DOS near the EF. PAHs exhibiting armchair and zig-

zag edges were used to explore the importance of edge site configuration on catalytic activity 

and electronic structure. The zigzag edges, which required the lowest overpotential and pro-

vided the highest current densities for the oxidation of VIVO2+ to VVO2+, also showed the lowest 

WF. These results clearly demonstrate the dependencies between structural, electronic and 

electrochemical properties. From an engineering perspective, strategies need to be developed 

for targeted integration of zigzag edges into the material surface.
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9 Structural and Electronic Properties of Vanadium Complexes at 
Graphite Electrodes 

In the last chapter, it was conclusively demonstrated the superior activity of zigzag versus arm-

chair edges and identified the WF as a possible descriptor for the electrocatalytic activity of 

graphite electrodes. In a next step, the properties of edge geometry shall be elucidated in more 

detail using DFT calculations. These computational methods can provide theoretical insight 

into situations where experiments are difficult to perform or evaluate.[69,70,204,227] First, it is im-

portant to build reliable models of the complexes formed by dissolved vanadium ions in an 

aqueous electrolyte. Molecules containing vanadium ions in all four different oxidation states 

were constructed, including their solvation shell to account for the effects in both half cells. To 

investigate the sorption properties related to the architecture of the electrode, the basal plane 

of single-layer graphene was used as a reference system and fabricated graphene nanoribbons 

with zigzag and armchair edges. To elaborate on the functionalization of the electrode, the ter-

minal hydrogen on the edges was also replaced with different OFGs such as carbonyl and hy-

droxyl groups. To model the properties describing efficient charge transfer between the atoms 

in the electrode and the solvated molecule, DOS calculations for the adsorbed system were per-

formed. By examining overlapping molecular orbitals near EF, conclusions can be drawn about 

the effectiveness of electron transfer.  

9.1 Structure of Solvated Vanadium Ions and Graphene Nanoribbons 

Both the chemistry and coordination of ions in aqueous solution are important to understand 

fundamental processes at solid–liquid interfaces. Therefore, the coordination spheres of the 

vanadium ions fabricated for this research will be briefly discussed. The relaxed structures are 

displayed in Figure 9-1, the most important bond lengths summarized in Table 6, whereas a 

full analysis on bond lengths and angles can be found in Table S4 for [VII/VIII(H2O)6]2+/3+, in 

Table S5 for [VIVO(H2O)5]2+, and in Table S6 for [VVO2(H2O)4]+.  
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Figure 9-1. Relaxed structures under consideration. (a–c) Dissolved vanadium ions including solvation shell: (a) 
Hexa-aqua octahedral complex of [VII/VIII(H2O)6]2+/3+. (b) Penta-aqua distorted octahedra of [VIVO(H2O)5]2+. (c) 
Distorted octahedral [VVO2(H2O)4]+ complex. (d–f) Nanoribbons used as substrates: (d) basal plane graphene, and 
edge-site exposed ribbons with (e) armchair and (f) zigzag edges. 

Table 6. Average distances (R in Å) for the first hydration shell of dissolved vanadium ions compared to calcula-
tions and experimental data (XRD).[228,229] The type of oxygen atom is specified according to its geometric position 
and coordination, where Ow describes the classification of the oxygen atom in a water molecule, “ax” denotes axial 
and “eq” equatorial (see Figure 9-1a–c).  

Complex R(V–Oax) R(V–Oeq) R(V–Ow,ax) R(V–Ow,eq) 
[VII(H2O)6]2+   2.19–2.20 
Lit.   2.13–2.23 
[VIII(H2O)6]3+   2.19–2.21 
Lit.   2.00–2.10 
[VIVO(H2O)5]2+ 1.68  2.44 2.19/2.22 
Lit. 1.57–1.72  2.20–2.36 2.03–2.12 
[VVO2(H2O)4]+ 1.68 1.69 2.35 2.26/2.51 
Lit. 1.61–1.73 2.22–2.32 2.01–2.13 

 

For both the VIII and VII ions, their coordination can easily be described by a stable hexa-aqua 

octahedral complex with four equatorial and two axial water molecules (Figure 9-1a). The dis-

tance from the vanadium ions to the oxygen in the first coordination sphere is ~2.20 Å (lit.: 

2.13 to 2.23 Å).[228] In good approximation, the angles comprise 90° within the plane and 180° 

along the axes.[230] A characteristic feature of the [VIVO(H2O)5]2+ complex is a V=O bond with a 

distance of 1.68 Å (lit.: 1.57 to 1.72, Figure 9-1b).[231] This exceptionally strong bond is one of 
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the most stable diatomic cations in aqueous complex chemistry, as it can exist in solid, liquid, 

and even gas phases.[232] [VIVO(H2O)5]2+ appears in acidic solution (pH <4) as a penta-aqua com-

plex, a distorted octahedron, which precipitates at a pH of ~5 to the insoluble VO(OH)2. The 

equatorial water molecules are within a distance of ~2.20 Å (lit.: 2.03 to 2.12 Å), slightly offset 

below the equatorial plane because of electrostatic repulsion of the oxygen atoms.[228] The axial 

water molecule moves at a distance of 2.44 Å (lit.: 2.20 to 2.36 Å) further away from the ion 

than its equatorial equivalents.[233] Both values are larger in my case than in the literature, but 

this could be because of the new exchange–correlation functional used with which the publi-

cations do not allow comparison.    

Vanadium ions in their pentavalent oxidation state also exhibit pH-dependent behavior, with 

the [VVO2(H2O)4]+ complex found in acidic solution and oligomeric vanadate ions predominat-

ing in alkaline environments.[231] In this work, [VVO2(H2O)4]+ reveals the structure of a dis-

torted octahedra (Figure 9-1c).[229] In comparison to [VIVO(H2O)5]2+, the distance of vanadium 

to the covalently bound oxygen remains at ~1.68 Å (lit.: 1.63 to 1.73 Å), however, a wider range 

of distances to the coordinated water molecules becomes obvious: while the axial H2O is 2.35 

Å away (lit.: 2.23 to 2.32 Å), the equatorial, which is opposite the equatorial V=O bond, has a 

large distance of 2.51 Å. In contrast, the remaining water is located within 2.26 Å and thus 

shows good agreement with literature (lit.: 2.23 to 2.32 Å).[228,231,234–236]  

As a reference structure for the substrate, single-layer graphene with C–C bond lengths of 1.42 

Å was constructed (Figure 9-1d). To account for the two different edge defects on the surface 

of an activated GF electrode, a layer of an armchair and zigzag graphene nanoribbon was fab-

ricated (Figure 9-1e,f). At the armchair edges, the neighboring carbon atoms are 1.36 Å apart, 

while the other bonds are between 1.42 and 1.43 Å distant, resulting from variations in the 

charge density.[237] At the zigzag edges, the exposed carbon atom is 1.41 Å away from its neigh-

bors in the ring. 

9.2 Adsorption Properties of Vanadium Complexes at Graphite 

The affinity of the vanadium complexes for the electrode surface as a function of their structure 

is studied in vacuo. Considering the important interplay of solvents, cations, and electrode at 

the interface, we first separately investigated how the substrates interact with the water mol-

ecules in the solvation shell of the vanadium ions. For each structure, a water molecule was 

placed 2 Å above the substrate in two different orientations: toward the electrode via the 
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oxygen atom or the two hydrogen atoms. The adsorption energy (Eads) of H2O at the basal plane 

of graphene is −0.07 eV regardless of the position of the hydrogen atoms (Figure S53). How-

ever, when the hydrogen atoms face the graphene plane, the water approaches the substrate 

from 3.34 to 2.94 Å. 

 

Figure 9-2. Relaxed structures of adsorbed water in two different orientations (H2 and O) facing graphene edges: 
(a) H2 and (b) O at H-terminated armchair edges; (c) H2 and (d) O at O-terminated armchair edges; (e) H2 and (f) 
O at H-terminated zigzag edges. (g) H2 and (h) O at an O-terminated zigzag edge. 

Several interesting effects can be observed during adsorption at the nanoribbons (Figure 9-2). 

Relaxation at hydrogen-bounded edges is more favorable for the water molecule, which moves 

its hydrogen dipole away from the structure (Figure 9-2b,f). While there is almost no energetic 

difference between armchair and zigzag edges, the distance between structure and adsorbent 

is smaller for the zigzag (2.57 Å) than for the armchair edge (2.88 Å). However, adsorption is 

clearly stronger at the edges with oxygen termination. It can be observed that the water mole-

cule moves slightly to the side to bring its hydrogen atom close to the O-terminus and, at the 

same time, its oxygen atom closer to an H-terminated edge (Figure 9-2d,h). Consequently, the 

water molecule tilts about 45°, stretching the second hydrogen atom far away from the elec-

trode. The orientation of the water molecules and both the geometry and functionalization of 



Adsorption Properties of Vanadium Complexes at Graphite 

99 

the carbon substrate influence the adsorption properties of water in the solvent and the solv-

ation shell around the vanadium ions. 

 

Figure 9-3. Relaxed structures of adsorbed [VIII(H2O)6]3+: (a) at the basal plane of graphene; (b,c) at H-terminated 
armchair edges in two different orientations; at an (d) O- and (e) OH-terminated armchair edge. (f,g) Two differ-
ent orientations at H-terminated zigzag edges; at an (h) O- and (i) OH-terminated zigzag edge. 

There were almost no differences observed for the relaxation of [VII(H2O)6]2+ and [VIII(H2O)6]3+ 

in terms of Eads. Therefore, only the adsorption of the latter will be described (Figure 9-3). 

Several possibilities to relax the complex at the basal plane of graphene exist: Eads decreased 

from −0.9 over −1.18 to −1.33 eV for bringing one, two, and three, respectively, coordinated 

water molecules close to the surface (Figure 9-3a). While the comparison of H-terminated 

edges with two water molecules forming a 45° angle is much more convenient for armchair 

edges (−0.48 instead of −0.02 eV), there is almost no difference noted for zigzag edges (Figure 

9-3b,c and f,g). In both edge geometries, the vanadium complex at the carbonyl group is unsta-

ble. The water in the vanadium coordination sphere loses a hydrogen atom and forms a hy-

droxyl group. This ketone-to-alcohol formation is energetically favored at an O-terminated 

armchair (−0.91 eV), but not normally at the zigzag edge (0.21 eV); yet it has been observed 

(Figure 9-3d,h). This can be explained by the Eads of [VIII(H2O)6]3+ at OH-terminated edges, 
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which voluntarily occurs at armchair (−0.54 eV) but even stronger at zigzag edges (−0.95 eV, 

Figure 9-3e,i). Furthermore, it is observed that the orientation of H2O varies with the edge 

geometry; while the hydrogen atoms move away from the H-terminated armchair, there is no 

electrostatic repulsion near the zigzag edges (Figure 9-3c,g). Similar effects can be detected at 

the OH-terminated armchair edge: water from the solvation shell near the OH-terminated arm-

chair edge is repelled, while it is strongly attracted to the zigzag structure (Figure 9-3e,i). 

 

Figure 9-4. Relaxed structures of adsorbed [VIVO(H2O)5]2+: (a) at the basal plane of graphene; (b) at H-terminated 
armchair edges; at an (c) O- and (d) OH-terminated armchair edge. (e) at H-terminated zigzag edges; at an (f) O- 
and (g) OH-terminated zigzag edge. 

To charge a VFB, in the positive half-cell [VIVO(H2O)5]2+ is oxidized to [VVO2(H2O)4]+. In general, 

this reaction is considered the kinetic bottleneck in terms of reaction rates.[61,238] A precise un-

derstanding of the positive redox reaction is thus important. The relaxed adsorbed structures 

and their corresponding Eads can be found in Figure 9-4. The lowest energy barrier is pre-

sented by adsorption of [VIVO(H2O)5]2+ onto the basal plane of graphene, confronting the 
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substrate with three water molecules in a triangular geometry, resulting in an even lower Eads 

of −1.67 eV than for the [VIII(H2O)6]3+ complex (−1.33 eV). At all edges, adsorption is strongest 

when the adsorbent faces the substrate with the V=O bond and a water molecule from the hy-

dration shell at a 45° angle. Adsorption at the H-terminated edge is again favored by −0.38 eV 

compared to the armchair edge (−0.25 eV, Figure 9-4b,e). Even though [VIVO(H2O)5]2+ shows 

a similar structure at both O-terminated edges, its adsorption is stronger at armchair (−1.61 

eV) over zigzag geometries (Figure 9-4c,f). In contrast to [VIII(H2O)6]3+, no proton transfer was 

observed. In agreement with this observation, the tetravalent complex shows weaker adsorp-

tion properties at the hydroxyl than at the carbonyl group, favoring the zigzag edges (−0.87) 

over the armchair edges (−0.61, Figure 9-4d,g). 

The previous observations can be summarized: for [VIII(H2O)6]3+, the bare H-terminated zigzag 

edge shows stronger adsorption properties than the functionalized armchair edge. However, 

Eads is even lower for the OH-terminated zigzag edge. Considering the adsorption of 

[VIVO(H2O)5]2+, the O-terminated edges are preferred, which is due to the strong adsorption of 

a water molecule from the solvation shell to the oxygen-functionalized edge and, at the same 

time, the strong adsorption from the V=O bond to the direct hydrogen-terminated neighbor. In 

this sense, the armchair is strongly preferred over the zigzag geometry. Furthermore, adsorp-

tion on H-terminated edges bearing an additional OH group (H–C–OH) was investigated. How-

ever, this functionalization was not stable at armchair edges. Adsorption of [VIII(H2O)6]3+ 

(−0.97 eV) and [VIVO(H2O)5]2+ (−0.90 eV) was little different from adsorption on the OH-func-

tionalized edges (Figure S54). 

9.3 Electron Transfer Described by the Density of States  

It cannot be overlooked that the adsorption of the vanadium complexes is most favored at the 

basal plane of graphene, which is known not to be an active site for the vanadium redox reac-

tions, as demonstrated by the CV curves in Figure 1a. Therefore, it is important to investigate 

the electronic properties of the adsorbed structures, which could provide an explanation for 

the different charge transfer kinetics observed in electrochemical experiments. Projected den-

sity of states (PDOS) calculations were performed for the carbon atom to which a functional 

group (H, O, OH) was attached and the vanadium atom in the center of the complex. The PDOS 

measures the relative probability of an electron being in the different atomic orbitals at each 

energy. We evaluated the DOS for the s and p-orbitals of carbon and the d-orbital of vanadium. 

For successful electron transfer with low-energy input, the occupied states of the outer shells 
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should be located close to EF. Thus, we can estimate the readiness of the adsorbed system to 

transfer electrons by an overlap of the p-orbital of carbon and the d-orbital of vanadium. 

 

Figure 9-5. PDOS of adsorbed [VIII(H2O)6]3+ at various nanoribbons: (a) at the basal plane of graphene; (b,c) at 
armchair edges bearing (b) H- and (c) OH-termination; (d,e) at zigzag edges bearing (d) H- and (e) OH-termina-
tion. 

For the investigation of the [VIII(H2O)6]3+ complex, we considered bare graphene as well as H- 

and OH-terminated edge sites since the solvation shell of VIII was unstable at carbonyl groups. 

It can be seen in Figure 9-5 that the vanadium ion has many electronic states near EF due to 

its metallic nature. In contrast, at the basal plane of graphene, a slowly rising DOS can be ob-

served at lower energies, with most electrons lying between −5 and −10 eV (Figure 9-5a). Both 

the H- and OH-functionalized armchair edges exhibit a local maximum near EF, but the higher 

occupied states are located at elevated energies compared to the occupied states of vanadium 

(Figure 9-5b,c). This means that energy would have to be applied to the system to achieve an 

overlap of the orbitals and subsequently increase the possibility of charge transfer. In contrast, 

the H-terminated zigzag edge shows a high number of occupied states near EF, which could 

indicate a low energy barrier for charge transport between the structures (Figure 9-5d,e). For 

the OH-functionalized edge, this high DOS shifts beyond EF into the conduction band of the 

electrode, which indicates that electrons move freely through the material. Since for the reduc-

tion of [VIII(H2O)6]3+ to [VII(H2O)6]2+ providing electrons is the key, there is no major difference 

expected in the kinetics of an H-terminated compared to a hydroxyl-functionalized zigzag edge. 

(a) (b) (c)

(d) (e)

graphene AGNR AGNR-OH

ZGNR ZGNR-OH
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However, it is questionable whether oxygen termination is stable at reducing potentials, since 

surface analysis of electrodes subjected to negative polarization has revealed very low oxygen 

coverage.[85,200] 

 

Figure 9-6. PDOS of adsorbed [VIVO(H2O)5]2+ at various nanoribbons: (a) at the basal plane of graphene; (b,c) at 
armchair edges bearing (b) H- and (c) O-termination; (d,e) at zigzag edges bearing (d) H- and (e) O-termination. 

A similar investigation was conducted for the [VIVO(H2O)5]2+ complex, although in this case the 

OH-functionalization was disregarded due to its lower adsorption energies compared to the O-

terminated edges (Figure 9-6). The observations for positive half-cell oxidation are very sim-

ilar to the negative half-cell reduction. The basal plane of graphene and the armchair edges do 

not provide increased DOS near EF in contrast to the high number of occupied states for the H-

terminated zigzag edges. However, it is worth noting that the O-functionalized armchair edges 

exhibit a small local minimum, while the H-termination shows little overlap of the p-orbital of 

carbon and the d-orbital of vanadium (Figure 9-6b,c). In a similar manner as for [VIII(H2O)6]3+, 

the occupied states shift upward beyond EF but in this case the number of charge carriers de-

creases compared to the H-termination. Moreover, for efficient oxidation of [VIV(H2O)5]2+ to 

[VVO2(H2O)4]+, holes must be created in the electrode to successfully accept electrons from the 

solvated vanadium ions. Thus, a large overlap of occupied states in the valence and conduction 

bands could promote rapid recombination within the electrode rather than filling the existing 

holes with electrons from the electrolyte. 

(a) (b) (c)

(d) (e)

graphene AGNR AGNR-O

ZGNR ZGNR-O
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Based on the PDOS observations, it was shown why the basal plane of graphene cannot be con-

sidered as an active site for the vanadium redox reactions due to the lack of overlap of the 

occupied states of the molecular orbitals. While there is some possibility of charge transfer 

between H- and OH-functionalized armchair edges and [VIII(H2O)6]3+ molecules, as well as for 

O-terminated armchair edges and [VIVO(H2O)5]2+ complexes, the highest overlap between the 

p-orbital of carbon and the d-orbital of vanadium near EF is always present for the H-termi-

nated zigzag edges.  

9.4 Desorption of [VVO2(H2O)4]+  

Since the energetic differences between [VIII(H2O)6]3+ and [VII(H2O)6]2+ are in a range of 0.02 

eV, we will only look at the desorption properties of the [VVO2(H2O)4]+ complex after the oxi-

dation of [VIVO (H2O)5]2+ in detail to understand trends regarding the orientation and function-

alized of edge sites. One should be aware that in the reverse direction, the edge type best suited 

for vanadium oxidation may be different from that needed for efficient vanadium reduction in 

the positive half-cell when the battery is discharged again.  

The relaxed structures of the adsorbed [VVO2(H2O)4]+ complex at the different carbon sub-

strates are displayed in Figure 9-7. The strongest Eads of −0.48 eV at the basal plane of gra-

phene was obtained by placing the complex in a triangular position above the electrode, facing 

the surface with the two V=O bonds and one water molecule from the solvation shell (Figure 

9-7a). Placement of three water molecules or two water ligands and one V=O bond over gra-

phene resulted in higher energies of −0.32 and −0.38 eV, respectively. With bare H-terminated 

armchair edges, the adsorption energies were negative regardless of the orientation of 

[VVO2(H2O)4]+. Two water molecules above the edge showed weaker adsorption properties 

(−0.04 eV) while they were strong for one or two covalently bound V=O (−0.38 eV, Figure 9-7). 

It must be noted that it is unlikely for the structure to face the reaction site with two water 

molecules. According to the reaction equation, the oxidation of [VIVO2(H2O)5]2+ includes the 

transfer of two protons. The complex would have to be rotated at least 90° at the surface before 

it can desorb with only water molecules pointing toward the edge. The desorption for the case 

in Figure 9-7b at an O-terminated edge reveals only a low energy barrier of −0.05 eV. In con-

trast, the structure becomes unstable when water from the solvation shell is near the function-

alized edge (Figure 9-7c). As it was observed similarly for [VIII(H2O)6]3+ in Figure 9-3d,h, a 

proton from the solvation shell is transferred to saturate the oxygen group and one water mol-

ecule even dissociates away from the vanadium complex. Adsorption on the OH-functionalized 
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edge, however, is very strong both for the V=O bond (−0.63 eV, Figure 9-7d) and for water 

from the solvation shell (−0.29 eV) as adsorbing agent.  

 

Figure 9-7. Relaxed structures of adsorbed [VVO2(H2O)4]+: (a) at the basal plane of graphene; (b) at H-terminated 
armchair edges; at an (c) O- and (d) OH-terminated armchair edge. (e) at H-terminated zigzag edges; at an (f) O- 
and (g) OH-terminated zigzag edge. 

The adsorption energies of [VVO2(H2O)4]+ at H-terminated zigzag edges are positive regardless 

of the orientation of the adsorbent. From the comparison of two water molecules to one H2O 

and one V=O to two V=O bonds, Eads decreases from 0.14 to 0.10 to 0.07 eV (Figure 9-7e). In 

contrast to the O-terminated armchair edges, the structure adsorbs strongly and stably on the 

functionalized zigzag edge (−0.52 eV) through the water from the solvation shell (Figure 9-7f) 

but not via the double V=O bonds (0.12 eV) which is the more likely case directly after the 

oxidation. However, the adsorption of the latter is very strong at the OH-terminated zigzag 

edges (−0.60, Figure 9-7g). The calculated adsorption barriers for [VVO2(H2O)4]+ on different 

functionalized structures clearly show that voluntary desorption of the reactant, independent 

of its orientation, and thus the release of an active site can only occur reliably at the H-termi-

nated zigzag edge sites. It is important to keep in mind that for an effective reduction of 
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[VVO2(H2O)4]+ to [VIV(H2O)5]2+ a negative Eads might be favorable. However, for all calculated 

structures of the reduced state which were discussed previously, also very low adsorption en-

ergies were found, especially at the functionalized surfaces (see Figure 9-4 for comparison). 

Thus, even for the reduction reaction during the discharge of a VFB, it might be favorable for 

the system to accept the small adsorption energy barriers at the H-terminated zigzag edges to 

benefit later from the lower barriers during the desorption of the reactant. 

9.5 Conclusions 

Vanadium ions including their first coordination sphere in aqueous medium and graphite-

based electrode surfaces were modeled. The sorption and charge transfer properties of these 

solvated vanadium ions were investigated using DFT calculations. Water molecules adsorbed 

more readily to carbonyl groups by exhibiting lower Eads and smaller distances from the sub-

strate. The adsorption energies of [VIII(H2O)6]3+ and [VIV(H2O)5]2+ varied based on the geometry 

of the substrate and the orientation of the molecule. The lowest barriers were always located 

at the basal plane of graphite. For both vanadium complexes, functionalized zigzag edges had 

lower adsorption barriers than the corresponding armchair geometry. Charge transfer prop-

erties were subsequently investigated by PDOS calculations comparing the overlap of the p-

orbital of the (functionalized) carbon atom and the d-orbital of the vanadium ion. Despite the 

strong adsorption at the basal plane, electron transfer is not likely due to the lack of occupied 

states near EF. Similarly, armchair edges provide lower DOS regardless of the functionalization. 

In contrast, H-terminated zigzag edges exhibit a high number of occupied states near EF, which 

explains their experimentally observed higher reactivity for the vanadium redox reaction. For 

oxidized zigzag edges, the DOS shifts beyond EF, which could be an indication of the reaction-

inhibiting properties for oxidative reactions. Additionally, by studying the sorption properties 

of [VVO2(H2O)4]+, it was shown that reliable desorption can only occur at H-terminated zigzag 

edges, freeing up an active site to promote the oxidation process.
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10 Vanadyl Oxidation Elucidated by Operando Raman Spectroscopy 

Operando Raman spectroscopy enjoys great popularity for many electrochemical systems and 

was used to study the oxygen evolution reaction on metal oxides[239,240], lithiation[241] and so-

diation[242] into carbon-based electrodes, or carbon dioxide reduction on copper[243,244]. In con-

trast, only one very recent study examined the oxidation of VIVO2+ to VVO2+ on carbon paper.[245] 

On strongly oxidized electrodes, the reaction was reported to proceed via the formation of di-

mers of vanadium ions on oxygen-functionalized surfaces, which complements the old, mean-

while refuted reaction mechanism.[200] In the cited study, only a small wavenumber range of 

low intensity at 700 to 1100 cm−1 is investigated. The region below, which probably includes 

more relevant vanadium–oxygen vibrations and the higher wavenumber range, which contains 

the carbon-related modes, was not resolved. 

In this chapter, a knowledge gap about vanadium oxidation kinetics in the positive half-cell of 

a VFB was filled. By using different carbon-based materials (GF, graphene, and HOPG), laser 

excitation wavelengths (532 and 633 nm), and electrolyte concentrations, variations in the re-

action kinetics regarding the structural properties of the electrode were explicitly explored. A 

focus will lie on the kinetics at the basal plane of graphite, in contrast to its active edge sites.  

10.1 Raman Spectra of Electrolyte and Electrodes 

Prior to a meaningful analysis of the spectra recorded under operando conditions, the dissolved 

vanadium oxide species were studied separately in sulfuric acid. A systematic analysis of the 

characteristic scattering pattern of each component allows the assignment of new signals for 

the identification of reaction intermediates and products. Figure 10-1a,b shows the electrolyte 

used on the positive side of a vanadium flow battery in the uncharged and charged/oxidized 

states compared to the salt and sulfuric acid used to prepare the solutions; Table 7 lists the 

observed modes and their assignment. Strong signals correspond to the symmetric stretching 

of HSO4− (590 cm−1 and 1050 cm−1), and the total symmetric stretching of SO42− (985 cm−1). The 

weaker asymmetric stretching of HSO4− and its overtone are located at  895 and 1085 cm−1, 

respectively.[246–248] 
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Figure 10-1. Raman spectra of solid and dissolved vanadium oxides and the carbon-based substrates used. (a) 

Uncharged and (b) charged positive electrolyte compared to its corresponding salt and sulfuric acid. (c) Basal 
and edge plane exposed HOPG; (d) pristine and tetracene-modified graphene (T-G); (e) pristine (GF) and ther-
mally activated GF (GF-TA). 

Table 7. Peak position and assignment in the Raman spectra in Figure 1 of sulfuric acid, and vanadium sulfate and 
vanadium oxide, respectively, as solid powder and dissolved in sulfuric acid. 

H2SO4 VOSO4 in H2SO4 (solid) V2O5 in H2SO4 (solid) 

Peak (cm−1) Assignment Peak (cm−1) Assignment Peak (cm−1) Assignment 

    (525) νs(V–O–V) 

590 νs(HSO4−) 600 νs(HSO4−) near VIVO2+ 595 νs(HSO4−) near VVO2+ 

  (610-680) H2O6SV (700) νas(V–O–V) 

895 νas(HSO4−) 900 νas(HSO4−) 895 νas(HSO4−)/νas(V=O) 

  935 νs(V=O) in VVO2+ 935 νs(V=O) 

    (955) νs(V–O–V) 

985 νs(SO42−) 980 νs(SO42−) near VIVO2+ 985 νs(SO42−) 

  990 νs(V=O) (995) νs(V=O) 

  (1000) νs(V=O)   

1050 νs(HSO4−) (1025) νs(SO42−) 1020 νs(HSO4−) near VVO2+ 

1085 νas(HSO4−) (1070) νas(SO42−)   

  (1115) νas(SO42−)   
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Solid vanadyl sulfate shows three intense signals related to the symmetric stretching of V=O 

(1000 cm−1), and the symmetric and asymmetric S–O stretching of the SO42− tetrahedra at 1025 

and 1115 cm−1, respectively (Figure 10-1a). The region from 610 to 680 cm−1 is associated 

with hydrated vanadium sulfate ions.[249] In its dissolved state, a merged signal of at least two 

peaks  just below 1000 cm−1 is visible. The broadening of the signals and the shift in their po-

sition can be attributed to the solvation of the ions, i.e., their new coordination environment 

comprising water and sulfate species.[228] The band at 990 cm−1 arises from a stretching vibra-

tion of the V=O bond in the vanadyl-aqua complex,[250,251] whereas the sharper signal at 980 

cm−1 results from the symmetric stretching of a sulfate ion in the second coordination sphere 

of the hydrated complex.  

V2O5 powder was used to resolve the structure of undissociated pentavalent vanadium (Figure 

10-1b). The strongest signal at 995 cm−1 corresponds to the symmetric stretching of V=O 

bonds. A symmetric and asymmetric part of a V–O–V vibration at 525 and 700 cm−1 defines the 

dimeric structure of V2O5.[252] At 955 cm−1 a second bridging vibration, formed via another ox-

ygen atom, is recognized, which is weak due to its low polarizability. The interactions of ions 

with the aqueous solvation shell again results in a broadening and shifting of spectral features 

for the dissolved salt. Several intense features at 595, 900, 1050, and 1090 cm−1 can be associ-

ated with H2SO4, since a higher concentration had to account for the low solubility of V2O5. A 

strong peak at 935 cm−1 corresponds to a symmetric V=O vibration and at 1020 cm−1, the vi-

bration of VVO2+ against SO42− anions in its second coordination sphere is observed.[253] Due to 

the complexity of the different signals, it is not always easy to separate salt and solvent. At 895 

cm−1, for instance, an HSO4− stretching overlaps with the asymmetric stretching of the VVO2+ 

ion.[254] 

To draw reliable conclusions about the processes occurring at the solid–liquid interface, not 

only the dissolved electrolyte species but also signals from the carbonaceous electrode must 

be known. Several materials were initially selected as substrates to propose general conclu-

sions independent of the electrode structure: (i) pristine and thermally oxidized GF as indus-

trially relevant electrodes, (ii) HOPG as a model system to directly compare basal and edge 

planes of graphite (Figure S55), and according to the previous study, (iii) zigzag edge modified 

graphene to specifically address the effect of highly active edge sites. The basal plane of graph-

ite reveals an intense G and 2D band at 1581 and 2665 cm−1, along with weaker defect-related 

features at 1330 and 1620 cm−1 for the D and D' bands (Figure 10-1c). In contrast, for edge 

plane exposed HOPG, the signals originating from the latter are very strong. It is moreover 
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possible to distinguish between zigzag and armchair geometries for the edge regions, as shown 

theoretically and experimentally.[255] While up to 1200 cm−1 zigzag edges are predominant, 

above that the armchair orientation becomes apparent; both are present on the scratched 

HOPG to a not quantifiable extent.  

The modification of graphene by a monolayer of zigzag nanoribbons (T-G) is not enough to 

make these features visible in the spectra (Figure 10-1d). Instead, the higher number of edges 

shows only a slight increase in the relative intensity of the D band. The disruption of the gra-

phene layer stacking by the nanoribbon shifts the G band to lower and the 2D band to higher 

wavenumbers. For graphitic fibers, the D to G ratio can be used to estimate the disorder of the 

sample[94], exhibiting an increase from 2.00 on GF to 2.65 on GF-TA due to the damaged induced 

by the thermal activation (Figure 10-1e). The 2D band additionally loses intensity, while the 

D' band, which is used to characterize the defects present primarily as edge sites[95], rises.  

10.2 Electrocatalytic Activity of the Substrates 

CV curves were recorded to investigate the possible potential range in which different spectral 

changes will be suspected in the operando measurements. An active electrocatalyst reduces the 

overpotential required for the VVO2+/VIVO2+ oxidation as close to the thermodynamic minimum 

as possible. This is easily demonstrated by comparing HOPG exposed to the electrolyte before 

and after carving of the basal plane. Only for the latter sample does the CV show a clear oxida-

tion wave before a steep current rise resulting from carbon corrosion, while for the inactive 

basal plane these two signals blend into each other (Figure 10-2a). The edge-rich HOPG also 

shows the dependence of electrocatalytic activity for vanadium oxidation on graphitic defects. 

The enhancement of the activity after modification with zigzag edges is due to changes in the 

electronic properties, more precisely to a decrease in the work function of the electrode.[256] 

Both the pristine and modified graphene possess a characteristic double-peak structure, re-

sulting from variations in the activity of the basal plane and edge regions (Figure 10-2b). It is 

found that the synthetic edges not only outperform the natural activity of graphene by shifting 

both oxidation waves to lower potentials, but also the HOPG exposed at the edges. After ther-

mal activation of GF, the potential separation between the oxidation and reduction peak in the 

CV for GF-TA decreases due to the enhanced reaction kinetics resulting from additional surface 

defects (Figure 10-2c).[200]  
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Figure 10-2. Electrocatalytic activity of the substrates used. (a) Basal and edge plane exposed HOPG; (b) pristine 
and tetracene-modified graphene; (c) pristine and thermally activated GF. The blue crosses indicate the potential 
of Raman spectra acquisition. 

The electrochemical measurements identified two sample types diverging in electrocatalytic 

activity for each material class, which thus allows meaningful comparison of spectral differ-

ences under working conditions. Spectral features in the following can finally be associated 

with potential-dependent conversion products of electrolyte species according to Figure 

10-1a,b, intrinsic variances in the electrode structure as displayed in Figure 10-1c–e, or un-

known surface reaction intermediates because of the electrocatalytic activity (Figure 10-2).   

10.3 Operando Raman Spectra 

Two different laser wavelengths were used to find a compromise between signal intensity and 

spectral resolution of the Raman features. While the lower wavelength of the green light (532 

nm) usually provides higher intensity for low cross-sectional area modes, the red laser (633 

nm) is often preferred for carbon-based materials as it delivers higher resolution of overlap-

ping, especially defect-related peaks.[94] Initial operando Raman spectra of GF revealed three 

important general aspects using the green laser (Figure S56 and Figure S57): (i) the discussed 

spectra do not show major focal deviations, which means that the differences in relative inten-

sities can be fully associated with changes due to the applied potential. (ii) No structural vari-

ations were observed in the graphite-related signals, regardless of the potential. (iii) the large 

amount of fluorescence below 500 cm−1 impeded the investigation of the low wavenumber re-

gion. Therefore, only the spectral range relevant for the electrolyte features is displayed in Fig-

ure 10-3. 
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Figure 10-3. Stacked operando Raman spectra of (a) GF and (b) GF-TA recorded with a laser wavelength of 532 
nm. 

From the spectrum of GF in Figure 10-3a, the features at about 600, 1050, and 1090 cm−1, 

associated with vibrations of the sulfate groups in the electrolyte, are present throughout the 

experiment without major changes. At 984 cm−1, the signal related to the symmetric stretching 

of the V=O bond in VIVO2+ loses intensity after holding the potential at 1.2 V vs. Ag/AgCl for 1 h. 

Two additional bands appeared simultaneously at 931 and 898 cm−1, both related to the sym-

metric and asymmetric stretching of oxygen in VVO2+. Minor changes in the spectral pattern 

between 780 and 870 cm−1 are observed as a weak peak at ~860 cm−1, which was recognized 

by Gvozdik and Stevenson as an interaction between the VVO2+ ion and sulfuric acid species.[245] 

They associated potential-dependent changes in this region predominantly with V–O–V oscil-

lations of various dimeric compounds and introduced a vibrational feature at about 740 cm−1 

associated with VVO2+ species chemisorbed to oxygen groups on the electrode surface. In our 

case, no such signals were detected in this wavenumber range.  

Spectra were also obtained for the more active GF-TA to analyze the influence of electrocata-

lytic activity on the spectral pattern (Figure 10-3b). The transition from aqueous tetravalent 

to pentavalent vanadium ions can be equally followed by a peak transition from 983 to 931 

cm−1. Changes in the pattern at a lower potential of 1.1 V vs. Ag/AgCl directly reflect the higher 

activity of the sample. In addition, no features were detected in the previously discussed region 

between 780 and 870 cm−1, suggesting that the activity is not directly dependent on interac-

tions with an oxygen-functionalized surface. Consequently, the measurements on GF and GF-
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TA showed potential-dependent changes in the oxidation of vanadium species, which were fol-

lowed according to the spectral pattern of the electrolyte shown in Figure 10-1a,b.  

 

Figure 10-4. Stacked operando Raman spectra of HOPG. (a) Basal and (b) edge plane exposed HOPG recorded 
with a laser wavelength of 532 nm; (c) Edge plane exposed HOPG recorded with a wavelength of 633 nm. 

To investigate the processes at graphitic defects in more detail, cleaved and scratched HOPG 

was studied. Figure 10-4a presents the Raman spectra for HOPG exposed in the basal plane, 

showing the transition from symmetric stretching of the V=O bond in VIVO2+ (981 cm−1) to the 
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double-peak structure formed by symmetric and asymmetric stretching of the VVO2+ ion (933 

and 895 cm−1) at a high potential of 1.3 V vs. Ag/AgCl. A weak signal from the interaction of the 

pentavalent vanadium ion with sulfuric acid occurs at ~860 cm−1. Residual characteristics, if 

present, are of such low intensity that further interpretation is not reliable. Direct comparison 

with the spectra of edge plane HOPG in Figure 10-4b reveals two increasing signals at 935 and 

895 cm−1 at only 1.0 V vs. Ag/AgCl, consistent with the higher electrocatalytic activity (Figure 

10-1c). The peak transition in this wavenumber range can therefore be considered as an activ-

ity indicator that sets in at the edge regions at earlier potentials than in the basal plane. 

Due to the fluorescence occurring below 500 cm−1 and the static carbon signals, the spectra for 

edge plane exposed HOPG were again measured with a lower laser excitation energy (Figure 

10-4c). From 0.9 V vs. Ag/AgCl, the symmetric (930 cm−1), followed by the asymmetric stretch-

ing of VVO2+ (900 cm−1) occurs at slightly higher potentials. As a new weak feature between the 

stretching of V=O in VIVO2+ (980 cm−1) and HSO4−, a newly discovered band at 1020 cm−1 is 

associated with the interplay between VVO2+ and sulfuric acid anions.[254] Complementing the 

known pentavalent vibrational modes, there is a feature at 707 cm−1 originating from the asym-

metric stretching of the V–O–V bonds. It is accompanied by a weak shoulder at ~670 cm−1 and 

its symmetric part at ~510 cm−1, which resembles the pattern of V2O5 powder (Figure 10-1b).  

The possibility that the energy input from the laser exposure led to the precipitation of oxidized 

vanadium compounds could be ruled out for three reasons: the observed pattern could be (i) 

reliably reproduced at other locations on the electrode that had not been previously illumi-

nated, and (ii) successfully reversed by lowering the potential at the same location (Figure 

S58). At a reversal potential of 0.8 V, features of both VIVO2+ and VVO2+ were visible, but at 0.0 

V vs. Ag/AgCl, the modes originating from the uncharged electrolyte were observed. (iii) In 

previous experiments, a green laser with higher energy was used. Nevertheless, no signals in-

dicative of solid V2O5 were detected in these cases. 

In a next step, the low wavenumber region previously overshadowed by fluorescence is eval-

uated. The observed pattern that develops at potentials above 1.0 V vs. Ag/AgCl is best de-

scribed by the vibrational bands of β-V2O5 that can be generated by applying temperatures 

above 200 °C and high pressures up to 8 GPa to α-V2O5.[257,258] All V2O5 polymorphs can be con-

sidered as an assembly of VOx polyhedral, but while the alpha phase consists of VO5 structures, 

vanadium is coordinated 6-fold in the beta phase. Crystallographic and theoretical data defined 

the latter as parallel chains of V2O4, held together by weak interactions, justifying its 
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designation as a V2O5.[258] All features observed below 400 cm−1 can be associated with the 

distortion of these V2O4 ladders.[257]  

The double peak structure at 323 and 353 cm−1 corresponds to an in-plane stretching of a V=O 

bond (323 cm−1) and two oxygen atoms in the coordination sphere of a vanadium center (353 

cm−1) as ladder breathing (Figure 10-4c).[258,259] The vibration at 260 cm−1 originates either 

from an in-plane vibration of an edge-shared oxygen (lit.: 243 to 253 cm−1) or from an out-of-

plane motion of the V–O–V bond (lit.: 271 to 272 cm−1).[258,259] With similar uncertainty, the 

220 cm−1 mode can be associated with in-plane stretching of V=O (lit.: 220 to 222 cm−1) or 

displacement of adjacent layers (lit.: 228 cm−1).[258,259] Assignment of such low-wavenumber 

modes is generally difficult, especially since the instability of numerous V2O5 polymorphs un-

der ambient conditions complicates experimental characterization. Intense ladder modes of 

atmospherically stable α-V2O5 are found at lower wavenumbers of 285 and 305 cm−1, which 

excludes its presence and thus precipitation.[258] Additionally, distinct features at 406, 483, and 

528 cm−1, which are characteristic for α-V2O5, are absent. 

The modes could also be described by γ'-V2O5, whose structure is very similar to β-V2O5, but 

without the translationally equivalence of adjacent layers.[260] Its ladder modes lie at 350 and 

333 cm−1, originating from the in-plane vibration of vanadium atoms, the distortion of vana-

dium along the chain at ~260 cm−1, and the out-of-plane motion of oxygen in the V–O–V bond 

at ~220 cm−1.[260] Regardless of the final classification, vanadium species are considered to be 

dimeric, i.e., they consist of two VO2 ions connected by an oxygen bridge. Reaction intermedi-

ates of dimeric origin were postulated earlier, assuming that they occur at oxygen groups on 

the electrode.[245] However, in our case, there were none of these potential-dependent changes 

between 740 and 820 cm−1 associated with the interaction of vanadium and surface oxygen.  

Instead, the carbon related vibrations reveal an altered shape at oxidative potentials (Figure 

10-4c): a shoulder above the G mode at 1604 cm−1, referred to as G*, occurs simultaneously 

with the electrolyte conversion. Its origin could theoretically have two reasons: (i) changes in 

the local electronic structure resulting from the presence of charged species such as vanadium 

ions lead to a shift in the G band, as it can also be observed in the doping of graphene.[261–263] 

(ii) Intercalation of ions, such as sulfuric acid, between graphite layers, causing a splitting of 

the G band because of an increased force constant of the graphite lattice.[264–266] To clarify this 

conflict, graphene was employed as an electrode since it provides multiple intercalation sites. 

For the green laser, the transition of the electrolyte species above 1.2 V vs. Ag/AgCl is observed 
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without additional changes in the carbon components (Figure S59). The spectral change, how-

ever, is accompanied by a growing G* band at ~1600 cm−1 when the sample is illuminated with 

red light (Figure S60). The wavelength sensitivity of the feature can already be associated with 

a surface process and not with intercalation, since the latter effect does not depend on the ex-

citation energy.[267] Further measurements using pure sulfuric acid as an electrolyte definitely 

exclude intercalation, since no spectral changes over the entire potential range were observed 

with the red laser (Figure S61). The growth of the G* band is therefore interpreted as an elec-

tronic interaction between the carbon atoms in the graphite structure and the vanadium ions 

from the electrolyte. 

 

Figure 10-5. Stacked operando Raman spectra of T-G recorded with a laser wavelength of 633 nm. 

Finally, to distinguish between oxidized electrolyte species and reaction intermediates, the 

measurement in Figure 4c was repeated at an edge-free location directly adjacent to the pre-

viously characterized edge site. A transformation of the electrolyte species at 937 cm−1 al-

ready occurs at about 1.0 V vs. Ag/AgCl, as it was the case for the edge-related spectra, but not 

for the previously characterized basal plane (Figure 10-4a and Figure S62). Oxidized VVO2+ 

ions thus diffuse from the active site at the edge to the spot illuminated by the laser. No other 

vibrational features and no potential-dependent structural changes associated with carbon 

were detected, allowing two conclusions: (i) the ladder vibrations and potentially the V–O–V 

mode at 707 cm−1 belong to a reaction intermediate formed during the oxidation of VIVO2+, and 
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(ii) the growing G* band demonstrates the interaction of vanadium ions with graphite at gra-

phitic edge sites only, which is crucial for charge transfer. 

Additional operando Raman spectra were recorded for zigzag edge-modified graphene (T-G) 

to verify the conclusions about edge-related reaction intermediates. To decrease electrolyte-

induced signals while improving the resolution of intermediates, the concentration of dis-

solved species was reduced. Consequently, the overall spectrum at low potentials is dominated 

by H2SO4 features (Figure 10-5). Due to its lower electrocatalytic activity (Figure 10-2b), mi-

nor changes were observed for pristine graphene at higher potentials due to the absence of 

surface intermediates (Figure S60). For T-G, however, at 1.1 V vs. Ag/AgCl, the stretching of 

HSO4− at 890 cm−1 is accompanied by two asymmetric stretching vibrations associated with 

VVO2+ ions at 867 and 895 cm−1, indicating electrolytic transformation by the oxidation of 

VIVO2+. Moreover, the pronounced double-peak structure associated with the V2O4 ladder 

modes at 324 and 346 cm−1 is evidence for the presence of adsorbed dimeric species at edge 

sites during the reaction. Again, no additional spectral features associated with the interaction 

of vanadium ions with surface oxygen were observed. Instead, a growing G* band at ~1600 

cm−1 at higher potentials proves the direct interaction of vanadium with the electrode edges.  

10.4 Conclusions 

In this chapter, operando Raman spectroscopy was used to follow the electrocatalytic oxidation 

from VIVO2+ to VVO2+, which is considered the kinetic bottleneck in vanadium flow batteries. By 

systematically analyzing all solid and dissolved compounds involved, the resulting signals and 

potential-dependent structural changes were successfully separated and related to the oxida-

tion of the electrolyte, the reaction intermediates, and the interactions of vanadium ions and 

carbon atoms. The oxidation of dissolved vanadium species can be followed by a transition of 

vibrational bands associated with VVO2+ instead of VIVO2+ complexes just below 1000 cm−1, 

whose starting potential corresponds to the electrocatalytic activity of the electrode. Moreo-

ver, several vibrations were observed at the active edge regions below 500 cm−1, related to the 

ladder modes of V2O4 structures, suggesting reaction intermediates of dimeric origin. No pre-

viously ascribed interaction with surface oxygen was observed for active electrodes. Instead, 

an additional signal was visible above the graphite-related G band at ~1600 cm−1, correspond-

ing to the direct electronic interaction of carbon atoms from the substrate and vanadium ions 

in the electrolyte. In summary, vanadium ions primarily react directly at non-functionalized 

carbon edge sites as dimeric species.
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11 Concluding Remarks 

11.1 Summary and Final Conclusions 

This work contributed an in-depth understanding of the kinetic processes at the graphite–elec-

trolyte interface in vanadium flow batteries. The electrocatalytic activity of industrially rele-

vant graphite felt and related carbon-based materials, such as graphene, polycyclic aromatic 

hydrocarbons, and highly ordered pyrolytic graphite, was studied. The activity-determining 

properties of graphite-based electrodes for efficient oxidation and reduction of solvated vana-

dium ions were determined in terms of surface chemistry, microstructure, and electronic 

structure by various microscopic and spectroscopic experimental techniques and theoretical 

calculations. 

This thesis started with a literature review on the influence of surface oxygen and its effects on 

the electrocatalytic activity. Based on conflicting initial results, the surface chemistry and mi-

crostructural properties of several treated electrodes were characterized before and after elec-

trochemistry, in which graphitic defects were identified as the most likely activity descriptor. 

These results contributed to a paradigm change that provided the impetus for subsequent 

studies. Oxygen-free electrodes were prepared to fully trace the origin of the electrocatalysis 

to hydrogen-terminated defects instead of oxygen groups. It was found that not only does ini-

tial oxygen affect the activity negatively, but also that deoxygenated electrodes are more re-

sistant to carbon corrosion under oxidizing conditions in the acidic electrolyte. Based on these 

findings, a new reaction mechanism, including hydrogen terminated defects instead of oxygen 

functional groups, was introduced. 

Pyrenes with different oxygen groups were used to show systematically that chemical func-

tionalization of edge sites influenced the electrocatalytic activity. Deteriorated redox kinetics 

for hydroxyl groups were exhibited, while carboxylic groups seemed to have a minor effect on 

the charge transfer. However, it was not always possible to relate the original functionalization 

to the outcome because the microstructure of the outermost surface layer was also affected 

differently regarding the surface group. Surface defects were thus again found to serve as a 

good descriptor for the electrocatalytic activity in this case. To differentiate between the origin 

of disorder, zero-dimensional point defects were introduced by thermochemical heteroatom 

substitution, which showed the importance of considering all electrode properties after an 
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activation treatment. Low doping concentrations below one percent were enough to increase 

the full cell performance when the graphitization level was high and high oxygenation was in-

hibited. 

Building on the approach introduced for pyrenes, various molecular structures using polycy-

clic aromatic hydrocarbons with different edge geometries were examined. The activity was 

related not only to the architecture of the defects but also to the electronic structure. It was 

found that higher conjugated zigzag edges increased the electrocatalytic activity for the oxida-

tion of vanadium ions. These experiments allowed to postulate a link between the work func-

tion and the electrocatalytic activity. The basal plane of graphite and hydrogen and oxygen ter-

minated edges were additionally compared by density functional theory calculations to 

investigate their interactions with solvated vanadium ions. It was shown that the adsorption 

energies of the trivalent and tetravalent vanadium complexes were lower for zigzag than for 

armchair edges. While additional oxygen functionalities further improved the adsorption prop-

erties, charge transfer was found to occur most likely at hydrogen terminated zigzag edges 

because of more occupied electronic states near the Fermi level. In addition, a positive adsorp-

tion energy for the pentavalent vanadium complex showed favorable desorption and thus re-

lease of an active site after oxidation at zigzag geometries.  

Finally, operando Raman spectroscopy was used to identify reaction intermediates under real-

istic reaction conditions. For several graphite-based electrodes, the electrocatalytic activity 

was directly related to a potential-dependent signal conversion of the electrolyte compounds. 

Several vibrational modes in the low wavenumber region, associated with dimeric vanadium 

species as reaction intermediates, were identified for active edge sites. In addition, vanadium 

ions have been shown to interact directly with the electrode surface by adsorption and thus 

influence of the local electronic structure of graphite, which changed the graphite-related sig-

nal. 
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Figure 11-1. Concluding reaction mechanism for efficient oxidation of vanadium dimers at hydrogen terminated 
zigzag edge sites.  

Based on the experimental and theoretical results of this work, an innovative reaction mecha-

nism for the vanadium oxidation in the positive half-cell of a VFB is proposed (Figure 11-1). 

The VO2+ ions adsorb and react predominantly as dimeric species at hydrogen terminated zig-

zag edge sites. It has been shown that larger sizes of the π-conjugated system are helpful for 

the reaction, suggesting that neighboring ions are not directly adjacent but omit at least one 

edge carbon atom because of the size of the covalently bonded oxygen and water molecules in 

the first coordination sphere. After adsorption, an additional oxygen atom from the solvation 

shell is covalently bonded to the vanadium ion under the release of two protons. Adjacent va-

nadium ions are bridged by one of these oxygen atoms, as evidenced by V–O–V vibrations and 

V2O4-like ladder modes observed by operando Raman spectroscopy. The additional hydrogen 

atoms leave the adsorbent because two electrons are transferred from the vanadium ions to 
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generated VO2+ ions readily leave the substrate, freeing the reaction sites for subsequent ad-

sorption of unoxidized vanadium species. 

11.2 Outlook on Future Research Possibilities 

In this work, various aspects of vanadium redox reactions and the necessary structural prop-

erties of graphite as an efficient electrocatalyst have been understood. However, the greater 

challenge is to successfully transfer these insights gained on model systems to real electrodes. 

To benefit from these fundamental findings, it will be crucial to develop new activation tech-

niques for three-dimensional felt electrodes. 

These treatments should be non-oxidative to reduce the oxygen concentration of a pristine 

electrode. Since the functionality of surface oxygen groups has most probably been refuted in 

this work, it is unnecessary and even detrimental to the charge transfer characteristics and 

long-term stability to have these groups on the electrode at all. In fact, the goal especially in the 

positive half-cell should be to resist the formation of surface oxygen despite the oxidative con-

ditions that are a direct result of the applied potential and the acidic electrolyte. To this end, 

the deoxygenation strategy proposed here could be coupled with a further activation that in-

creases the surface area to produce long-living and highly active electrodes. 

One consequence of the treatment should be an increase in the electrochemically active surface 

area due to the introduction of micropores accessible to the electrolyte. It has been demon-

strated that a wide range of pores from 60 to 160 μm are beneficial for the mass transfer and 

pressure drop.[268] However, the pores created on the surface of graphite felts by conventional 

activations are much smaller; a significant fraction to a point below 2 nm, where the access of 

solute species is inhibited.[269] Therefore, it is critical to understand pores of different nanome-

ters as they interact with molecules, to the point where they could serve as active sites them-

selves due to confinement effects.[270,271] In addition, various theoretical and experimental ap-

proaches should be considered at the fundamental level to understand the structure of the 

electrolyte at such pores. 

Surface defects need to be introduced to transfer electrons between the electrode and vana-

dium ions in the electrolyte successfully. This could go toward more fundamental research: 

whereas in this work, edge defects and their influence and heteroatom substitution[272] were 

studied, it is much more difficult to introduce carbon vacancies into graphite under ambient 

conditions; a mild plasma treatment may be worth trying.[273,274] It was shown here multiple 
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times that vacancies could contribute to accelerated charge transfer for the vanadium redox 

reaction, as their presence was often consistent with the electrocatalytic activity. Considering 

the metal-like electronic structure of argon-ion bombarded pyrolytic graphite, they could work 

exceptionally well for vanadium reduction in the negative half-cell where electrons must be 

provided by the electrode.  

Finally, strategies should be developed to implement zigzag edges in the surface structure of 

graphite. The size of the π-conjugated system between the edges should be explored in more 

detail to ensure optimal electrocatalytic properties. In this respect, new low-cost synthetic 

routes for polycyclic aromatic hydrocarbons could be helpful, since their application on sp2 

hybridized carbon can be easily achieved by a simple immersion procedure. 

With respect to other technologies that rely on graphite as an electrode material, the results of 

this work may assist in challenging existing reaction mechanism and understanding new ki-

netic processes. Deoxygenated electrodes may be of interest for non-aqueous flow batteries, 

and targeted defect implementation and edge site geometries are likely to be important for a 

variety of electrochemical energy storage and conversion devices. The study of the electronic 

structure proved to be a powerful tool for investigating activity-determining factors without 

introducing new conflicts over surface chemistry and microstructural properties. Finally, op-

erando Raman spectroscopy provides comprehensive results on the structural changes of at-

oms and ions in the electrode and electrolyte simultaneously, and can achieve insightful find-

ings for many types of electrode–electrolyte interfaces.
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VXC Exchange correlation potential   
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Appendix A: Experimental Details 

Sample Preparation 

In general: Sheets of PAN-based pristine GF (GFD 4.6, SGL Carbon) or thermally activated GF-

TA, respectively, were cut out of A4 sheets and cleaned by sonication in acetone and ultrapure 

water (Milli-Q, 18.2 MΩ cm−1) for 10 min each, followed by drying at 80 °C overnight. 

Prior to electrochemical half-cell measurements, GF was centrifuged for 5 min at 800 rpm in 

the corresponding electrolyte. As positive electrolyte, 0.1 M VIVO2+ was prepared by dissolving 

VOSO4 powder (Alfa Aesar) in 2 M H2SO4 (Emsure). To obtain the negative electrolyte, the pos-

itive half-cell electrolyte was reduced in a single cell assembly (MicroFlow cell, ElectroCell). It 

was added to both half-cell tanks, pumped through the single cell in a circuit, and charged at 

1.6 V. The VIVO2+ is thus oxidized to VVO2+ on one side and reduced to VIII on the other. At a 

termination current of 5 mA cm−², it was assumed that all the vanadium on the negative side 

was reduced to VIII. 

Chapter 4: Multi-walled carbon nanotube (MWCNT) dispersions were prepared by dissolving 

1 mg mL−1 CMC in Milli-Q and adding 2 mg mL−1 MWCNTs (Baytubes, BAYER) in a 180 min son-

ication process. Alkaline etching solutions were prepared by dissolving KOH (Emplura) in 

Milli-Q. For a combined process, the MWCNT dispersion was mixed with 8 M KOH in equal 

parts. To prepare the desired sample, pieces of GF were immersed in the different solution or 

dispersion, followed by a vacuum treatment to ensure thorough wetting. A freeze-drying step 

was incorporated to improve the distribution of MWCNTs and the KOH activating agent on the 

felt.[275,276] The wet samples were transferred to a freeze-dryer (LyoQuest −85, Telstar), frozen 

at −85 °C for 24 h, followed by drying for at least 48 h. The dry samples were heated in a batch 

type furnace in Ar atmosphere, by ramping with 3 K min−1 to 800 °C for 1 h. Afterwards, the 

samples were cleaned with diluted H2SO4 and Milli-Q and dried again over night at 80 °C.  

Chapter 5: Sheets of GF and GF-TA (=GF-SA) were heated in a gas tight sealed quartz glass tube 

with 5 °C h−1 to the desired temperature (500, 800, 900, and 980 °C) for 3 h under Ar/H2 at-

mosphere. The samples were consequently labelled with the corresponding deoxygenation 

temperature in addition to the kind of felt electrode. After thermal deoxygenation, the gas inlet 

and outlet of the glass tube were sealed to transfer the samples under inert atmosphere to an 

Ar-filled glove box. Therein, the felts were prepared for further examination. The use of the 
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hydrogen saturation to prevent spontaneous re-oxygenation has been tested by performing 

XPS to the samples deoxygenated at 980 °C, after they were in contact with air for 5 min (Figure 

S32). Both kind of felts (GF-980 and GF-SA-980) showed minor to no increase of surface oxygen 

species. 

Chapter 6: Pyrene-modified GF has been prepared by a dipping procedure: cleaned GF and 

deoxygenated GF-980 were immersed in a solution containing 5 mM of the corresponding py-

rene derivative (all Sigma-Aldrich), pyrene (purity = 98%), 1-Hydroxypyrene (98%,), 1-

Pyrenemethanol (97%), 1-Pyrenecarboxylic acid (97%), 1-Pyrenebutyric acid (97%), and 1-

Acetylpyrene (97%) dissolved in DMSO (Emsure, 99.7%). After 24 h, the felts were thoroughly 

washed with Milli-Q and dried at 80 °C. GF-PYR=O was synthesized by an electrochemical pro-

cedure published elsewhere for pyrene-functionalized MWCNTs.[277] Briefly, GF-PYR was sub-

jected to an applied potential of 1.0 V vs. Ag/AgCl in a pH 7 phosphate buffer solution. 

Chapter 7: To prepare graphene containing dispersions, 4 mg of pristine graphene (Dasheng 

graphene Co. Ltd., China), graphene treated at 3000 °C (G3000, Dasheng graphene Co. Ltd., 

China), boron and phosphorus-doped graphene powders (BG and PG-1, Sigma-Aldrich) were 

dispersed, respectively, in 990 µL Milli-Q and 10 µL Nafion (5 wt%, Sigma-Aldrich) under ul-

trasonication for 90 min. 10 µL of the obtained homogeneous dispersion were drop coated with 

an Eppendorf pipette onto GC electrodes (ALS Co., Ltd.). Prior, GC was polished with Al suspen-

sion (0.05 µm, MasterPrep, Buehler) on a polishing pad to mirror finish, and cleaned in acetone 

and Milli-Q under ultrasound. The coated electrodes were dried in ambient for at least 1 h, 

rinsed with Milli-Q to remove residuals, and dried under N2 afterwards. 

Phosphorus-doped graphene (PG-2) was synthesized based on a method published else-

where.[278] Briefly, 30 mg G3000 were dispersed in a solution containing 50 mL IPA and 150 

mg triphenylphosphine (TPP, Sigma-Aldrich) for 2 h under ultrasound. The solvent was evap-

orated on a hot plate. The residual powder was homogenized in a mortar and heated in an 

Al2O3 crucible with a ramp of 5 °C min−1 to 1000 °C for 90 min under Ar atmosphere. After 

washing and drying, the final PG-2 was obtained. 

To prepare graphene-modified electrodes, CMC was dissolved in Milli-Q to a concentration of 

1 mg mL−1, and subsequently, 2 mg mL−1 graphene was added. The dispersion was ultrasoni-

cated for 180 min to distribute the material homogeneously and durably.[279] The cleaned GF 

was dipped in the solution, thoroughly wetted by applying vacuum to the vessels, ultrasoni-

cated for 20 min, reversed, and ultrasonicated again for the same time. Afterwards, the samples 
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were frozen overnight at −85 °C and then freeze-dried for 48 h. The samples were subsequently 

heat-treated under Ar atmosphere at 800 °C for 3 h to carbonize the binder. 

The directly modified GF was fabricated by soaking the pristine felt with a TPP containing 

DMSO solution (12.5, 25, and 50 mg mL−1). The wet sample underwent the same freeze-drying 

process as described above and was subsequently heat-treated at 200 to 1000 °C under Ar, 

either in an autoclave, in an open system, or in a closed graphite crucible with small holes.  

Chapter 8: G3000 was used as a substrate to prepare model catalysts with armchair and zigzag 

edge sites. PAHs (phenanthrene, anthracene, chrysene, and tetracene; all with a purity ≥99 %) 

were obtained from Sigma Aldrich and used according to literature.[40] PAHs and graphene 

were dispersed in DMSO under ultrasound and stirred overnight. The product was filtered, 

washed with Milli-Q several times to remove excess PAHs and DMSO, and dried at 80 °C. To 

form a dispersion for electrochemical measurements, 4 mg of the product were dispersed in a 

mixture of 390 µL IPA and 10 µL Nafion solution. 

Chapter 10: Raman spectra of the electrolytes were measured by placing a drop of the solution 

(2 M H2SO4, 1 M VO2+ in 0.1 M H2SO4, sat. VO2+ in 2 M H2SO4) on a microscope slide. Wet GF was 

placed on a gold coin as current collector and assembled into the cell. HOPG (5×5 mm) was 

cleaved with a tape prior to characterization to receive a fresh basal plane. A blade was used 

to scratch the surface of HOPG to produce kinks and edges (Figure S55). To guarantee wetting 

of these defects, electrolyte was dropped onto HOPG and pressed into the channels with a glass 

plate before the sample was assembled. Carbon dispersions were evaluated by dropping them 

onto gold coins using a spin coater. 10 μL of the dispersion were drop-wise added onto the 

rotating disk before it was dried for several hours at room temperature.  

Analytical Methods 

Cyclic voltammetry (CV) of GF was measured with a BioLogic VSP potentiostat, using Ag/AgCl 

in 3 M KCl (EAg/AgCl = 0.210 V vs. RHE) as reference electrode, in the custom-built cell described 

in Chapter 3. The electrolyte filled half-cell has been bubbled with Ar prior to, and the surface 

above the electrolyte during the experiments. An electrochemical surface conditioning step 

was performed to remove lose adsorbates on the surface of GF by scanning 20× either from 0 

to −0.3 V (negative) or from 0 to 0.5 V vs. Ag/AgCl (positive half-cell) with 100 mV s−1. The CV 

data has been iR-corrected regarding the electrolyte resistance, which was assessed by EIS at 

the OCP.  
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A three-electrode glass cell was used to measure powders drop-casted on GC electrodes. The 

sample served as the working, a graphite rod (redox.me) as the counter, and Ag/AgCl as the 

reference electrode. Before the electrochemical testing, the electrolyte was deaerated with Ar.  

The CV curves in Chapter 10 were collected using another custom-built sample holder from 

the Martin Luther University Halle-Wittenberg, allowing larger sample sizes to be investigated.  

Electrochemical impedance spectroscopy (EIS) was recorded with a voltage amplitude of 

10 mV at an applied potential of 0.9 V and −0.45 V vs. Ag/AgCl. The spectra were fitted with the 

RelaxIS 3 software (rhd instruments), usually using the equivalent circuit diagram displayed 

in Figure S25.  

Electrical double layer capacitance (EDLC) measurements were conducted in a (usually) 

non-faradaic potential window of 0.15 to 0.25 V vs. Ag/AgCl. The potential was kept at 0.2 V vs. 

Ag/AgCl for 2 min, before the range was scanned 10× with scan rates of 10 to 250 mV s−1. The 

current at 0.2 V vs. Ag/AgCl was used in a current vs. scan rate plot to assess the EDLC using 

the slope of the linear relationship between both factors.  

Raman spectroscopy was performed on a LabRAM HR Evolution spectrometer (HORIBA Sci-

entific) equipped with a HeNe (632.8 nm, Elaser = 1.99 eV) and a 532 nm Nd:YAG laser (Elaser = 

2.33 eV), further using a 600 g mm−1 grating and a 50× or 100× magnification objective. On 

each sample, several spectra were taken on random positions to obtain a standard deviation 

value. By using a smaller magnifying lens, the deviation of the intensity ratios could be reduced. 

However, the signal intensity in general is lower and thus more difficult to analyze because 

thereby the part of light scattered from basal planes is increased while the resolution and in-

tensity from edge sites is decreased. For deconvolution, the spectra were subtracted by a spline 

background (BG), normalized to the highest signal and deconvoluted with absolute Lorentzian 

(D, G, D’) and Gaussian-Lorentzian (D* and D’’) peak shapes using the CasaXPS software.  

Operando Raman spectroscopy was carried out using a commercial Raman cell (TSC Raman, 

rhd instruments). A gold-coated copper ring is used as counter, Ag/AgCl (3 M KOH) as reference 

electrode. As electrolyte, 1 M VO2+ in 0.1 M H2SO4 was used if not noted otherwise. At the start 

of a measurement, several points on the sample were tested regarding the signal intensity ratio 

between carbon (D, G) and electrolyte-related signals to find the optimum height and focus on 

the electrode–electrolyte interface. Subsequently, a potential of 0 V vs. Ag/AgCl is applied for 

about 10 min. Afterwards, the potential is usually increased from 0.8 to 1.4 V vs. Ag/AgCl in 
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steps of 0.1 V. At each potential, a Raman spectrum is acquired after the current response 

equalized.  

Field-emission scanning electron microscopy (FE-SEM) was performed using a Carl Zeiss 

Merlin microscope at acceleration voltages of 5 to 15 kV and a probe current of 150 to 500 pA. 

X-ray diffraction (XRD) patterns were measured using a STOE STADI P powder diffractome-

ter with monochromatic Cu−Kα radiation (λ = 1.54056 Å) in transmission geometry. 

X-ray photoelectron spectroscopy (XPS) was performed using a K-alpha+ and an Escalab 

spectrometer (Thermo Fisher Scientific) with monochromatic Al-Kα radiation (E = 1486.6 eV) 

at a spot size of ∼400 and 600 μm, respectively. Survey spectra were recorded with a pass 

energy of 200 eV, detail spectra with 50 eV. The Thermo Avantage software was used for data 

acquisition and spectral deconvolution, determining a Shirley BG with the implemented smart 

BG function. The asymmetry of sp2 hybridized graphitic carbon was evaluated with a tail mix 

of 80 to 90% and a tail exponent of 0.03 to 0.1, considering a smaller FWHM of 0.8 to 0.9 eV. 

All other components were fitted using conventional Voigt peak profiles (70 to 30% Gaussian–

Lorentzian) with FWHM values up to 1.8 eV, restricting the position regarding the sp2 signal 

and the relative FWHM to sp3 carbon.  

The concentration of oxygen was analyzed by quantifying all O 1s and C 1s components present 

on the surface of a sample. For the investigation of the D-parameter, the C KLL Auger region 

was scanned 100× with a pass energy of 100 eV and a step size of 0.5 eV. The D-parameter can 

be determined by the binding energy distance between the maximum and minimum in the 

first-derivative plot of the obtained spectrum. The VB region was studied with a pass energy 

of 50 eV at a step size of 0.2 eV. The EVBM was assessed by the intercept of two straight lines: 

one horizontal at the baseline, and one diagonal along the threshold-edge of the VB spectra up 

to ~10 eV. Both the Auger and the VB region were normalized to the maximum signal to en-

hance the comparability. 

For UV photoelectron spectroscopy (UPS), a helium gas discharge lamp (E = 21.22 eV) was 

used to generating photoelectrons in the VB with high resolution. Spectra were recorded with 

a pass energy of 2 eV and a step size of 0.1 eV. To determine the WF, a bias voltage of 4 to 6 V 

was applied. By fitting the threshold close to EF and the cutoff energy, the EVBM and the WF were 

determined, respectively. 
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Reflection electron energy loss spectroscopy (REELS) was measured using monoenergetic 

electrons (E = 1 keV), scanning the elastic and the inelastic peaks with a pass energy of 5 and 

10 eV, respectively, at a step size of 0.02 eV. To compare the pattern of multiple samples, the 

inelastic signals were normalized to the intensity of the corresponding elastic peak. 

For the investigation of the electrical conductivity under compression, a uniaxial compres-

sion device (zwickiLine, Zwick/Roell) with a 100 N load cell was used. The thickness at no com-

pression of GF was calculated by the distance of the compression tools at 0.1 N. By knowing 

the thickness at a given force, the compression is derived. The test machine was coupled with 

a custom-built cell described in Chapter 3 to measure the electrical conductivity. Gold coated 

copper pins connected to a potentiostat (BioLogic SP-300) were attached to the load cell; insu-

lating plates made from yttrium stabilized zirconium oxide prevent short circuiting through 

the compression device. The voltage was measured at a current of 100 mA, and the area spe-

cific resistance was calculated by 𝜌𝑒𝑙 = 𝑅𝐴, with R being the electrical resistance and A the felt 

contact area. To receive a standard deviation, three samples were tested for each modification. 

UV-Vis spectroscopy (Hitachi U-3010 Spectrophotometer) in a range of 900 to 190 nm using 

quartz cuvettes (Hellma 100-QS), and dynamic light scattering (Zetasizer Pro, Malvern Pan-

alytical) were performed to characterize the quality of the MWCNT dispersions and the size of 

the dispersed particles. 

The gas evolution of pyrene-modified GF was studied by Differential electrochemical mass 

spectrometry (DEMS). A setup as described in previous literature[280,281] was modified to hold 

a sealed glass container containing an Ag/AgCl (3 M KCl) reference, pristine GF as counter and 

the sample as the working electrode, 10 mL of electrolyte (0.1 M VOSO4 in 2 M H2SO4) and car-

rier gas inlet and outlet tubes. The gas inlet tube was lowered to the bottom of the container, 

so that the incoming carrier gas was bubbled trough the electrolyte, while the outgoing tube 

was located directly above the electrolyte surface. The tube fittings were additionally sealed 

by silicon grease. For measurements, a linear voltage sweep from 0.6 to 1.8 V was performed 

at 0.5 mV s−1. A constant stream of He carrier gas (purity 6.0, 10 mL min−1) passed the cell. The 

extracted gas mixture went through a cold trap at −30 °C to remove H2O, and analyzed using a 

mass spectrometer (Omni Star GSD 320, Pfeiffer Vacuum GmbH), monitoring the evolution of 

H2 (m/z = 2), O2 (m/z = 32), CO2 (m/z = 44) as well as of various possible pyrene fragments 

(m/z = 81, 87, 94, 95, 100, 101, 109). For each fragment, a datapoint was recorded every 9 s. 
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Calibration was performed by passing a calibration gas of known composition through the cell. 

A complete measurement including calibration is shown in Figure S33. 

Polarization Curves of GF and GF-P under operational conditions were conducted by using an 

in-house designed single-cell VFB, assembled as zero-gap architecture. A graphite foil (GF-176, 

Graphite Materials GmbH) served as current collector. The electrodes (1×1 cm²) were fixed by 

a Teflon® (DuPont de Nemours Corp) spacer-layer, which was sandwiched between graphite 

foil and a membrane (Fumasep® FS-930, Fumatech BWT GmbH). A double headed peristaltic 

pump (323Du, Watson-Marlow Pumps Group) ensured a continuous flow of the electrolyte (1.6 

M V, VIII/VIV ≈ 0.8/0.8 M, 3 M H2SO4, 0.4 L per half-cell, GfE GmbH). The current collectors were 

connected to the potentiostat (Reference 3000, Gamry instruments) via gilded steel clamps 

(BU-60G, Mueller Electric Europe LTD, UK). The electrochemical protocol consisted of three 

steps:  

1) charging of the electrolyte: the electrolyte was galvanostatically charged at a current 

density of 68 mA cm−2 and a flow rate of 70 mL min−1 to a state of charge (SoC) ⪆50% 

in an external cell. At an OCP of 1.4 V, the electrolytes were directed via three-way 

valves to other liquid lines, which were connected to the actual test cell, containing the 

electrode. 

2)  equilibration of the electrode: the potentiostat generated short time alternating gal-

vanostatic pulses of 1 s, whereby the step size was 1 mA cm−2. When the cell-voltage 

reached ±200 mV of the OVP, one of ten equilibration cycle was finished. 

3) the actual characterization via the polarization curve method: the first galvanostatic 

discharge step at −10 mA cm-2 was generated for 30 s. Subsequently, steps with −20, 

−30, −40 mA cm−2, etc., (30 s each), resulted in a staircase-like current vs. time profile. 

During these steps, the cell voltage was recorded. The discharge polarization curve was 

stopped at a cell voltage of 0 V.  

To show cell voltages at steady state conditions and to exclude the influence of capacitive volt-

ages, the voltage values over the last 10 s of each step were averaged. During the first polari-

zation curve, the flow rate was 130 mL min−1. Afterwards, an identical charging polarization 

curve was performed. Subsequently, the routine was repeated at flow rates of 100 and 70 mL 

min−1. Current collectors, membranes and the electrolyte were exchanged for each sample.  
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Appendix B: Supporting Information 

 

Figure S1. Number of publications over the last 40 years. Results are based on a SciFinder analysis, in which the 
keywords “redox flow battery“ and “vanadium redox flow battery“ are entered. 

 

 

Figure S2. UV-Vis spectroscopy and DLS analysis of MWCNT dispersions with different polymers in a 1/1 ratio. 
The dispersion with a concentration of 1 mg ml−1 was diluted with 20 additional parts H2O for the measurements. 
While PEG and polyvinylpyrrolidone PVP revealed more intense absorption signals, their particle size and PDI are 
higher compared to CMC. 
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Figure S3. SEM of GF loaded with different MWCNT/polymer dispersions. Low magnification pictures reveal big 
aggregates in the fiber pores, especially for loading without polymer dispersant. Detailed pictures at high magni-
fications show the distribution of MWCNTs along the fiber, which is especially successful for PVP and CMC. 

 

 

Figure S4. XRD patterns of pristine and modified GF and pristine MWCNTs. The graphite-related reflections are 
indicated. The red star marks a reflection related to K2CO3. 
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Figure S5. Raman survey spectra of pristine and modified GF. (a) In their initial state, and after cycling in the (b) 
positive and the (c) negative half-cell. 

 

 

Figure S6. Survey spectra of pristine and modified GF, after electrochemical cycling (a) in VIVO2+, (b) in VIII, and (c) 
prior to any electrochemical treatment. From left to right, several regions were identified: C KLL Auger, Na 1s core 
level, O KLL Auger, O 1s core level, Na KLL Auger, K 2p core level, C 1s core level, S 2s and 2p core level, and Si 2p 
core level. The major components of all samples are oxygen and carbon, only moderate amounts of sulfur are 
present on GF, and traces of sodium and potassium on GF/CNT and GF/KOH, respectively. While sulfur can be 
attributed to the cleaning process with diluted H2SO4 and potassium to residuals from the KOH activation, low 
concentrations of sodium and silicon are found in many XP spectra of GF as ambient contaminations and impuri-
ties. 
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Figure S7. Mechanical stability of GF under mechanical compression. The pressure stability was measured with 
the same setup used for the investigation of the electrical conductivity. 

 

 

Figure S8. CV curves for the VVO2+/VIVO2+ redox reaction of pristine and MWCNT-modified GF. Comparison of (a) 
MWCNT/polymer solutions after heating at 450 °C, (b) activity with and without CMC after heating at 450 °C, (c), 
ratio of MWCNT to polymer after heating at 450 °C, and (d) temperature treatment after modification. From the 
UV-Vis, DLS, and SEM results, PVP and CMC were selected as promising candidates for successfully distributing 
and bonding MWCNTs and were therefore studied electrochemically. A CNT/CMC modified GF, after carboniza-
tion of the binder, revealed lower ΔEp and higher reversibility compared to CNT/PVP. The influence of the binder 
has been investigated by testing a sample without CMC, resulting in decreased redox activity, associated with a 
worse distribution and bigger aggregates of MWCNTs. The ideal ratio of MWCNTs to binder was evaluated by 
doubling the CNT/CMC ratio. The higher MWCNT/binder ratio resulted in a broader redox wave with higher re-
versibility and a lower onset potential. The necessity to carbonize the binder is shown, because modified GF ex-
hibits even lower activity than pristine GF because of covered active sites. An increased carbonization tempera-
ture from 450 to 900 °C had no significant positive effect on the activity. 
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Figure S9. CV curves of pristine and modified GF in 0.1 M VIII (left) and 0.1 M VIVO2+ (right) over the complete 
potential range between hydrogen in the cathodic and oxygen evolution on the anodic side. All signals in the dia-
gram have been assigned to the corresponding vanadium redox reactions. GF and GF/CNT reveal higher peak 
currents of the VVO2+/VIVO2+ oxidation in the negative, and the VIII/VII reduction in the positive electrolyte, respec-
tively, because of the overlap of these redox reactions with the preceding VIVO2+/VIII oxidation and VIVO2+/VIII re-
duction. These reactions are separated for more electrocatalytically active GF/KOH and GF/CNT/KOH.  

 

 

Figure S10. CV curves of GF/KOH prepared under various conditions. Comparison of (a) KOH solutions with dif-
ferent molarities after freeze-drying and calcination at 800 °C; (b) calcination temperatures after freeze-drying 
using 4 M KOH; (c,d) freeze-dried (FD) and directly dried (DD, drying cabinet at 80 °C) electrodes using 4 M KOH 
and calcination temperatures of 800 °C for the (c) VIII/VII and (d) VVO2+/VIVO2+ redox reactions. For the negative 
and the positive half-cell, an increased peak current was observed for freeze-dried electrodes, attributed to a bet-
ter distribution of KOH and therefore more uniform activation of GF.  
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Figure S11. Electrochemical performance of basal plane and edge plane exposed HOPG electrodes in both half-
cells.  

 

 

Figure S12. CV curves at different scan rates from 1 to 10 mV s−1 of pristine and modified GF for the (a) positive 
and (b) negative half-cell. 
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Figure S13. Randles–Sevcik plots and redox reaction reversibility in the (a,b) positive and (c,d) negative half-cell. 
The mass-transfer properties of the electrodes were studied by graphically verifying the Randles–Sevcik equation. 
Positive half-cell: a linear fit suggests that the VVO2+/VIVO2+ redox reaction is limited by diffusion.[119,282] The re-
ductive fit reveals a ~70 % higher slope for the KOH activated samples, signifying faster reaction kinetics at the 
electrode.[141] This shows a positive influence of edge sites on the kinetics and shows a hindering effect of oxygen 
for the VVO2+/VIVO2+ reduction.[60] To address the reversibility of the redox process, the ip,c/ip,a ratio for the 
VVO2+/VIVO2+ redox couple was calculated. For GF, the current ratio decreased at higher scan rates, while the cur-
rent ratio of GF/CNT slightly increased. In contrast, a high reversibility with peak current ratios >0.9 at all scan 
rates for GF/KOH and GF/CNT/KOH is observed. Negative half-cell: given by the linear fit of the Randles–Sevcik 
plots, the slope of GF/CNT/KOH is ~65 % higher for both anodic and cathodic currents, showing a faster mass 
transfer in the combinatorial treated electrode. The ip,a/ip,c ratios for the VIII/VII redox couple quickly rise close to 
1 for the modified electrodes. In contrast, for GF the peak values are not applicable anymore >5 mV s−1. 
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Figure S14. Detail spectra in the C 1s region of (a) GF, (b) GF/CNT, (c) GF/KOH, and (d) GF/CNT/KOH, after cycling 
in the positive (top row), and in the negative (bottom row) half-cell. 

 

 

Figure S15. Deconvoluted Raman spectra of pristine and modified GF after cycling in the (a‒d) positive and the 
(e‒h) negative half-cell. 
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Table S1. Initial oxygen concentration of pristine and modified GF. The composition compared to all surface spe-
cies (including carbon, rounded to 0.5 at%) and the relative composition regarding the three main functional 
groups (O‒C, O=C, O=C‒O, rounded to the full percentage) is given. 

Sample O‒C/at% O=C/at% O=C‒O/at% O‒C/rel. at% O=C/rel. at% O=C‒O/rel. at% 
GF 4.5 6 1 40 53 7 
GF/CNT 4.5 1 2 59 17 25 
GF/KOH 2 2.5 0.5 53 34 15 
GF/CNT/KOH 2 1.5 0.5 40 47 13 

 

 

Figure S16. Survey spectra of the deoxygenation procedure. Spectra are given regarding the previous temperature 
treatment for (a) GF and (b) GF-SA. Only carbon and oxygen were detected as chemical compounds, as it is de-
duced from the carbon Auger C KLL (~1223 eV) and core level region C 1s (~285 eV), and equally from the oxygen 
Auger O KLL (1013-978 eV) and core level O 1s (~531 eV). Deoxygenation can be observed in the surveys, as the 
contribution from the O 1s and the O KLL signals vanish after the temperature treatment. 

 

 

Figure S17. C 1s detail spectrum of GF. Six different carbon-related peak components were deconvoluted and 
stated in the picture: sp2 carbon at 284 eV, sp3 carbon at 284.8 eV, ether and hydroxyl groups at 286.3 eV, carbonyls 
at 287.6 eV, and carboxylic groups at 289.2 eV; the additional sp2 carbon related shake-up satellite is located at 
291.2 eV.[58,152,166,167] The spectrum is binding energy corrected regarding the position of sp2 carbon. 
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Figure S18. XPS investigation of thermally deoxygenated GF-SA. (a) First derivative of the C KLL Auger region to 
determine the D-parameter. (b) O 1s detail spectra, indicating the position of the respective oxygen group and the 
relative oxygen content. (c) C 1s detail spectra, showing the position of sp2 and sp3 hybridized carbon. (d) VB 
spectra, displaying the O 2s, C 2s and C 2p regions and the evaluated EVBM. 

 

 

Figure S19. SEM of thermally deoxygenated GF-980 and GF-SA-980. 
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Figure S20. Raman spectra of (a) GF and (b) GF-SA prior to and after each corresponding deoxygenation step. The 
spectra in the picture are normalized to the D band, but not BG-corrected or deconvoluted. (c,d) Depiction of the 
D band of pristine and fully deoxygenated GF and GF-SA electrodes to evaluate the FWHM. 
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Figure S21. Electrocatalytic activity for the VIII/VII and the VVO2+/VIVO2+ redox couple. CV curves were recorded 
for (a,b) pristine and deoxygenated GF and (c,d) GF-SA. 

 

 

Figure S22. Example of the used CV method to evaluate the EDLC. CV curves were recorded in the positive elec-
trolyte in a non-faradaic potential region with varying scan rates.  
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Figure S23. Normalized EDLC of GF. The surface area of the felt was measured by BET; the weight of the electrode 
was determined prior to electrochemical cycling. 

 

 

Figure S24. Nyquist plots of EIS measurements. Displayed are the negative and positive half-cell measurements 
at an applied potential of −0.45 and 0.9 V vs. Ag/AgCl for pristine and deoxygenated (a,b) GF and (c,d) GF-SA. 
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Figure S25. Equivalent circuit diagram used for the deconvolution of the EIS data. The graph displays following 
elements: an inductance and the electrolyte resistance in series, followed by two resistance/constant phase ele-
ments in parallel, one for the glassy carbon/felt, and one for the felt/electrolyte interface, and in the end one 
constant phase element for the diffusion. Not for all spectra every element was necessary.  

 

 

Figure S26. Randles–Sevcik plots; CV data for pristine and deoxygenated (a,b) GF and (c,d) GF-SA. The data has 
been determined from the peak currents at various scan rates. Mass transfer properties have been investigated 
by graphically verifying the Randles‒Sevcik equation, which shows a linearity of ip vs. ν1/2 for all electrodes in both 
half-cells, indicating a chemically reversible redox process limited by diffusion.[119,282,283] A higher slope suggests 
a faster mass transfer process, which has been observed especially for the VIII/VII redox reaction after deoxygen-
ation.[141] The most rapid mass transfer is achieved for felts deoxygenated at 980 °C, which is another indicator of 
the hindering effect of OFGs.  
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Figure S27. XPS and electronic structure of GF and GF-SA. Electrodes have either been immersed for 3 h or polar-
ized at −0.6 and 1.2 V vs. Ag/AgCl in 0.1 M VIII and VIVO2+ for 1 h, respectively. The figure displays the O 1s detail 
spectra and the VB region of (a,b) GF and (c,d) GF-SA, each after deoxygenation at 980 °C and respective electro-
lyte treatment. 

 

 

Figure S28. Survey spectra of 100× cycled pristine (GF) and deoxygenated (GF-980) electrodes. Only carbon and 
oxygen were detected as chemical compounds. 
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Figure S29. Normalized C 1s spectra of GF (black) and GF-980 (red). Because of its complexity, the C 1s region is 
not used for quantitative fitting, but a direct comparison of the normalized spectra yields qualitatively an in-
creased sp3 carbon signal and various carbon–oxygen signals that are more pronounced for GF. 

 

 

Figure S30. Deconvoluted Raman spectra after long-term cycling. Band intensity ratios are indicated: while the 
I(D)/I(D’) ratio stays unchanged compared to the electrode before cycling, the I(D)/I(G) ratio changes. 
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Figure S31. Old reaction mechanism via hydroxyl groups, first proposed in 1992.[32] The left panel displays the 
mechanism in the negative half-cell via an ion exchange mechanism, followed by the electron transfer and another 
ion exchange mechanism. The left panel shows the mechanism in the positive half-cell in a similar order, but with 
two initial hydroxyl groups at the electrode surface. 

 

 

Figure S32. O 1s detail spectra to examine the self-oxidation of deoxygenated (a) GF and (b) GF-SA in contact with 
air. Previously measured GF was exposed to atmosphere for 5 min in the load lock of the XPS chamber. Afterwards, 
spectra were recorded again at the same spot.  
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Figure S33. DEMS measurement and calibration curve for pyrene-coated GF. Different concentrations of calibra-
tion gas were added to the carrier gas stream to get reference levels for a calibration curve. 

 

Table S2. Integrated gas evolution during DEMS measurements. 

Electrode Total CO2 evolution  
(µmol) 

Total charge passed  
(C) 

Ratio  
(µmol/C) 

GF 1.4 22.08 0.0634 
GF-980 1.2 30.16 0.0398 
GF-PYR 0.7 26.95 0.0258 
GF-PYR-COOH 1.4 40.98 0.0342 
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Figure S34. Electrochemical preparation and characterization of GF-PYR=O. (a) Protocol to prepare and show the 
functionalization. (b) Capacitive behavior in a non-faradaic potential range. (c) EDLC; (d,e) Electrocatalytic activ-
ity in the positive half-cell evaluated using (d) CV and (e) EIS. The possibility of electrochemically altering the 
functionalization of a pyrene-modified electrode and thus its electrocatalytic properties was studied. Therefore, 
a procedure proposed for the carbonyl functionalization of pyrene-modified MWCNTs was used.[277] After the 
chronoamperometric treatment in phosphate buffer solution, additional redox peaks showcasing the successful 
treatment were visible not only in the treatment solution (Figure S34a) but also in the vanadium-containing elec-
trolyte (Figure S34b). Another investigation of the EDLC (Figure S34c) revealed that the initial low capacitance of 
GF-PYR (1.2 mF) is increased over seven times to 8.7 mF for GF-PYR=O, which is more than it was observed for 
GF-PYR-COOH before (7.3 mF). The higher active surface area is also reflected in the peak currents measured by 
CV (Figure S34d). While the position of the VVO2+/ VIVO2+ oxidation peak remains unchanged, the corresponding 
reduction reaction is favored for GF-PYR=O, leading to a by 20 mV reduced ΔEp. The RCT is lowered by 1.5 Ω after 
the electrochemical treatment. This last experiment demonstrates that pyrene-modified GF uncovers a com-
pletely new range of electrode treatments, which might alter the electrocatalytic activity of GF in a targeted man-
ner. 
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Figure S35. Surface chemical composition of pristine and pyrene-modified GF-980. (a) Survey and (b) O 1s detail 
spectra. 

 

 

Figure S36. SEM of PG-1 attached to GF at different magnifications. 

 

 

Figure S37. P 2p spectra of GF and GF-PG. 
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Figure S38. Raman spectra of G3000 and graphene.  

 

 

Figure S39. LSV curves of G3000 and doped graphenes. (a) hydrogen and (b) oxygen evolution in H2SO4. Addi-
tional to the current onset at a lower potential for PG-2, the evolution of hydrogen and oxygen is further seen in 
the ragged slope of the curve, which is because of the bubble formation on the surface of the electrode.  

 



Appendix B: Supporting Information  

172 

 

Figure S40. Survey spectra of graphene and commercial doped graphene. From left to right, we detected carbon 
and oxygen Auger C KLL (~1223 eV) and O KLL (1013‒978 eV), oxygen core level O 1s (~531 eV), carbon core 
level C 1s (~285 eV), boron core level B 1s overlapping with phosphorus core level P 2s (~192 eV), and phospho-
rus multiplet P 2p (~133 eV).[284] 

 

 

Figure S41. XP survey and P 2p detail spectra of G3000, commercial PG-1 (PG) and the synthesized PG-2 (PGIP). 
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Figure S42. SEM image of GF-P. 

 

 

Figure S43. EIS of pristine (GF), thermally treated (GF-1000) and phosphorus doped GF (GF-P). RCT is assessed at 
the second semi-circle at an applied potential of 0.9 V vs. Ag/AgCl in the positive, and −0.45 V vs. Ag/AgCl in the 
negative half-cell. 
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Figure S44. Electrocatalytic activity of GF and GF-P (synthesized by using a 25 mg mL−1 TPP in DMSO solution), 
heat-treated at different temperatures. 

 

 

Figure S45. Electrocatalytic activity of GF and GF-P, synthesized under varying conditions. All samples were heat-
treated at 1000 °C under Ar atmosphere. CV was conducted in the negative (left side) and positive half-cell (right 
side). In the top row, different concentrations of TPP in DMSO were tested. In the bottom row, the felts were 
calcined with and without using a closed graphite crucible. 
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Table S3. Elemental composition of the heat-treated graphene and doped graphene. 

Sample C/% N/% H/% S/% 
G3000 98.2 0.1 1.31 0.00 
BG 76.2 0.09 1.06 0.24 
PG-1 77.9 0.2 1.04 0.00 
PG-2 97.8 0.19 0.25 0.00 

 

 

Figure S46. XP spectra of pristine and activated GF. (a) Surveys, revealing that in both cases only carbon and oxy-
gen are present. (b) D-parameter evaluated from the first-derivative of the carbon Auger C KLL. (c) C 1s detail 
spectra showing the ratio of sp2 and sp3 hybridized carbon. 
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Figure S47. Electronic structure of oxidized, Ar-cleaned, and Ar-etched HOPG. (a) Integrity of the π-conjugated 
system analyzed by the π–π* transition in REELS, showing the difference between the intact system of pristine 
and cleaned HOPG compared with the vanishing signal for ion-bombarded HOPG. (b) DOS below the EF probed by 
UPS to investigate the valence electrons of the C 2p and C 2s orbitals. (c) At an applied external bias, the cutoff 
energy of the valence electrons yields the WF. (d) Detailed investigation of the threshold energies close to EF to 
determine the VBM of the 2p–π and 2p–σ electrons. 

 



 

177 

 

Figure S48. Electronic structure of GF-TA and GF-TA-H2. (a) Integrity of the π-conjugated system analyzed by the 
π–π* transition using REELS. (b) DOS below EF probed by UPS to investigate the valence electrons of the C 2p and 
C 2s orbitals. (c) At an applied external bias, the cutoff energy of the valence electrons yields the WF. (d) Detailed 
investigation of the threshold energies close to EF to determine the EVBM of the 2p–π and 2p–σ electrons. 

 

 

Figure S49. XPS of oxidized, Ar-cleaned, and Ar-etched HOPG. (a) Evaluation of the D-parameter shows a graphitic 
degree for cleaned and ion bombarded HOPG, but not the oxidized sample. (b) O 1s detail spectra to illustrate the 
removal of contamination after cleaning and bombarding. (c) C 1s detail spectra showing the ratio of sp2 to sp3 
carbon, and the resulting signal for deficient carbon (Cdef) after Ar-sputtering. 
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Figure S50. Band diagram of oxidized (left), Ar-cleaned (middle), and Ar-etched (right) HOPG.  

 

 

Figure S51. Raman spectra of pristine and PAH-modified graphene.  
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Figure S52. XP spectra of pristine and PAH-modified graphene. (a) Surveys, revealing that in both cases only car-
bon and oxygen are present. (b) O 1s detail spectra to illustrate the slight increase of surface oxidation for the 
more reactive zigzag edge sites. (c) C 1s detail spectra showing the peak shift of sp2 hybridized carbon. 

 

Table S4. Average distances (R in Å) and angles O–V–O (∠ in °) for the first hydration shell of [VII(H2O)6]2+ and 
[VIII(H2O)6]3+ compared to calculations and experimental data (XRD). The type of oxygen atom is specified accord-
ing to its geometric position and coordination, where Ow describes the classification in a water molecule, “ax” 
denotes axial and “eq” equatorial (see Figure 9-1a). 

Complex R(V–Ow,ax/eq) ∠(Ow,ax–V–Ow,ax) ∠(Ow,ax/eq–V–Ow,eq) 
[VII(H2O)6]2+ 2.19–2.20  179.6 89.7–90.3 
Lit. 2.13–2.23 170.9–179.2 89.8–90.7 
[VIII(H2O)6]3+ 2.19–2.21 179.5 89.7–90.2 
Lit. 2.00–2.10 172.0 90.0–91.7 

 

Table S5. Analogue to Table S4 for [VIVO(H2O)5]2+ (see Figure 9-1b). 

Complex R(V–Oax) R(V–Ow,ax) R(V–Ow,eq) ∠(O–V–Ow,eq) ∠(Ow,ax–V–Ow,eq) ∠(Ow,eq–V–Ow,eq) 
[VIVO(H2O)5]2+ 1.68 2.44 2.19/2.22 101.4/92.2 78.6/87.1 157.2/174.3 
Lit. 1.57–1.72 2.20–2.36 2.03–2.12 97.4–98.0 169.6–174.2 

 

Table S6. Analogue to Table S4 for [VVO2(H2O)4]+ (see Figure 9-1c). Two values from equatorial water arise be-
cause of one Ow being next to and one Ow averse to Oeq. 

Complex R 
(V–Oax) 

R 
(V–Oeq) 

R 
(V–Ow,ax) 

R 
(V–Ow,eq) 

∠ 
(Oax–V–Oeq) 

∠ 
(Oax–V–Ow,eq) 

∠ 
(Ow,ax–V–Ow,eq) 

[VVO2(H2O)4]+ 1.68 1.69 2.35 2.26/2.51 120 89.5/83.9 91.4/71.4 
Lit. 1.61–1.73 2.22–2.32    
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Figure S53. Relaxed structures of adsorbed water at the basal plane of graphene. 

 

 

Figure S54. Relaxed structures of adsorbed (a) [VIII(H2O)6]3+ and (b) [VIVO(H2O)5]2+ at HOH-terminated zigzag 
edges. 
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Figure S55. Optical microscope image of HOPG. Freshly cleaved (yellow) and scratched (green) regions are shown. 

 

 

Figure S56. Operando Raman spectrum of GF displaying the complete range of acquisition using the green laser. 
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Figure S57. Stacked operando Raman spectra of (a) GF and (b) GF-TA recorded with a laser wavelength of 532 nm, 
showing an expanded range compared to Figure 10-3. 

 

 

Figure S58. Operando Raman spectra of edge exposed HOPG, illustrating the reversibility of the pattern observed 
at 1.3 V vs. Ag/AgCl. 
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Figure S59. Operando Raman spectra of graphene using the green laser and high vanadium ion concentration. 

 

 

Figure S60. Operando Raman spectra of graphene using a red laser and low vanadium ion concentration.  
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Figure S61. Operando Raman spectra of graphene using red laser and sulfuric acid as electrolyte. 

 

 

Figure S62. Operando Spectra of basal plane HOPG, measured using the 633 nm laser at a spot directly next to the 
active edge site. 
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