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1. Zusammenfassung 

Um die Effizienz zu steigern, werden in Brennstoffzellen Katalysatoren eingesetzt, die die Anoden- 

und Kathodenreaktionen erleichtern. Der am häufigsten verwendete Katalysator besteht aus platin-

basierten Nanopartikeln, die auf einem carbon black (CB) Trägermaterial verteilt sind. Dieser 

Kompositkatalysator degradiert während des Betriebs, was zu einer graduellen Abnahme der 

Leistung der Brennstoffzelle führt. Daher war das Ziel dieser Arbeit, die Degradation des Katalysators 

zu verringern, indem die Wechselwirkung zwischen Partikeln und Träger durch Modifikation der 

Oberfläche des carbon blacks mit funktionellen Gruppen erhöht wird. Die Funktionalisierung des 

carbon blacks Vulcan XC72R erfolgte in zwei Schritten: einer chemischen Oxidation, gefolgt von 

einer Kondensationsreaktion der erzeugten COOH-Gruppen mit Diaminen (Ethylenediamin (EDA), 

Triethylenetetramin (TETA), Phenylenediamin (PDA)) oder einem Dithiol (Butandithiol (BDT)). 

Die chemische Oxidation wurde mit einer Drei-zu-Eins-Mischung aus konzentrierter Schwefelsäure 

und Salpetersäure über unterschiedliche Zeiträume durchgeführt. Der Erfolg der Oxidation wurde 

durch einen Anstieg des O- und H-Gehalts angezeigt, wobei etwa ein Drittel des O-Gehalts von 

COOH-Gruppen stammte und der Rest verschiedenen Oxidgruppen zugeordnet werden konnte. Der 

Grad der Oxidation nahm mit längeren Oxidationszeiten zu, einhergehend mit einer Reduktion der 

BET-Oberfläche. Kürzere Oxidationszeiten (1-4 Stunden) lieferten eine ausreichende Menge an 

COOH-Gruppen, während eine große Oberfläche erhalten blieb. 

Die Amin- und Thiolgruppen wurden entweder durch direkte Behandlung eines oxidierten 

Kohlenstoffs mit einem Diamin, oder über einen Carbonsäurechlorid-basierten Zwischenschritt, 

gefolgt von der Behandlung mit einem Diamin/Dithiol, eingeführt. Letztere Syntheseroute wies 

höhere Umwandlungsraten auf, war jedoch mit einer erhöhten Schwefelverunreinigung verbunden. 

Die Funktionalisierungen mit EDA und TETA waren die erfolgreichsten, wobei EDA hauptsächlich 

monofunktionale und TETA überwiegend verbrückende Funktionalisierungen zeigte. 

Um die Nanopartikel-Träger-Katalysatoren zu erhalten, wurden vorab synthetisierte kolloidale PtNi- 

oder Pt-Nanopartikel mittels eines Fällungsverfahrens auf den modifizierten Kohlenstoff 

abgeschieden, angepasst an die sich ändernde Polarität der Substrate und Nanopartikel. Die 

katalytische Aktivität wurde mithilfe elektrochemischer Halbzellenmessungen von 

Arbeitselektroden, die mit einem Katalysator-Dünnfilm beschichtet wurden, untersucht. Die 

Morphologie des Dünnfilms, die durch das Trocknen einer Katalysatorsuspension (Tinte) auf der 

Arbeitselektrode erzeugt wird, wird durch die Trocknungsbedingungen beeinflusst. Stationäres 
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Trocknen führte zur Bildung eines ĂKaffeeringesñ. Eine flussbeschränkte Trocknung in einem 

Behälter mit einem kleinen Loch ermöglichte die Produktion gleichmäßigerer Dünnfilme. Der 

Einfluss der Dünnfilm-Morphologie war jedoch vernachlässigbar in Bezug auf die elektrochemisch 

aktive Oberfläche (ECSA). 

Die ECSA wurde verwendet, um die katalytische Aktivität der synthetisierten Katalysatoren vor und 

nach einem beschleunigten Stresstest (AST) zu quantifizieren, um die Degradationsrate zu beurteilen. 

Die untersuchten Proben umfassten entweder PtNi- oder Pt-Nanopartikel, die auf einem der folgenden 

CB-Träger verteilt waren: unfunktionalisiertes Vulcan XC72R, oxidiertes CB, EDA-

funktionalisiertes CB und TETA-funktionalisiertes CB. Zum Vergleich wurden die synthetisierten 

Katalysatoren mit dem kommerziellen Katalysator (Pt auf CB) verglichen. 

Von den hergestellten Katalysatoren wiesen die PtNi-Katalysatoren eine höhere katalytische Aktivität 

als die Pt-Katalysatoren auf. Für beide Partikeltypen zeigten die auf Vulcan XC72R geträgerten 

Katalysatoren die höchsten ECSAs und den höchsten Grad an Degradation. Die geringste 

Degradation wurde für PtNi mit dem EDA-funktionalisierten Träger und für Pt mit dem TETA-

funktionalisierten Träger erzielt, die ebenfalls anfängliche ECSAs aufwiesen, die mit Vulcan XC72R 

vergleichbar waren. Dies könnte der bevorzugten Wechselwirkung der PtNi-Partikel mit primären 

Aminogruppen (EDA) und der Pt-Partikel mit sekundären Aminogruppen (verbrückende 

Funktionalisierung von TETA) zugeschrieben werden. Darüber hinaus kann die reduzierte relative 

Degradationsrate auf das Entfernen der feinen Kohlenstoffstrukturen im Oxidationsschritt 

zurückgeführt werden. Im Vergleich zu allen vorbereiteten Katalysatoren wies der kommerzielle 

Katalysator HiSPEC 3000 eine höhere anfängliche ECSA, aber auch einen höheren Grad an 

Degradation auf. 

Insgesamt wurde gezeigt, dass die Aminfunktionalisierung der Kohlenstoffträger für PtNi- und Pt-

Nanopartikel erfolgreich die elektrochemische Stabilität der Katalysatoren verbesserte, während die 

ECSA-Werte mit dem unfunktionalisierten Kohlenstoffträger vergleichbar blieben. 

  



Dissertation   E. Felgenhauer 

 

-3- 

 
 

2. Abstract 

To enhance efficiency, catalysts are employed in fuel cells to facilitate the anode and cathode 

reactions. The most common catalyst is composed of platinum-based nanoparticles, distributed on a 

carbon black (CB) support. This composite catalyst degrades during usage, gradually lowering the 

fuel cell performance. Hence, the objective of this work was to decrease catalyst degradation by 

increasing the particle-support interaction through modification of the carbon black surface with 

functional groups. The functionalisation on the carbon black Vulcan XC72R was carried out in two 

steps: a chemical oxidation, followed by a condensation reaction of the produced COOH groups with 

diamines (ethylenediamine (EDA), triethylenetetramine (TETA), phenylenediamine (PDA)) or a 

dithiol (butanedithiol (BDT)). 

The chemical oxidation was conducted with a three-to-one mixture of concentrated sulphuric and 

nitric acid for varying durations. The successful oxidation was indicated by an increase of the O and 

H content with roughly a third of the O content originating from COOH groups and the remainder 

attributed to a variety of oxide groups. The degree of oxidation increased with longer oxidation times, 

accompanied with a reduction of the BET surface area. Short oxidation times (1-4 hours) provided a 

sufficient amount of COOH groups while maintaining a large surface area.  

The amine and thiol groups were introduced by either direct treatment of an oxidised carbon with a 

diamine, or via an acyl chloride intermediate step, followed by diamine/dithiol treatment. The latter 

synthesis route demonstrated higher conversion rates, but entailed increased sulphur impurities. The 

functionalisations with EDA and TETA were the most successful with EDA mainly displaying 

monofunctional and TETA displaying bridged functionalisations. 

To obtain the nanoparticle-support catalysts, pre-synthesised colloidal PtNi or Pt nanoparticles were 

deposited on the modified carbon blacks via a precipitation method, adjusted according to the 

changing polarity of the substrates and nanoparticles. The catalytic activity was investigated using 

electrochemical half-cell measurements of a working electrode containing a catalyst thin-film. The 

thin-film morphology, produced by drying a catalyst suspension (ink) on the working electrode, is 

influenced by the drying conditions. Stationary drying resulted in the formation of a coffee-ring. 

Flow-restricted drying in a container with a small hole was able to produce more uniform thin-films. 

However, the influence of the thin-film morphology was negligible towards the electrochemical 

active surface area (ECSA). 

The ECSA was employed to quantify the catalytic activity of the synthesised catalysts before and 

after an accelerated stress test (AST) to assess the degradation rate. The investigated samples 
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comprised either PtNi or Pt nanoparticles, supported one of the following CB supports: 

unfunctionalised Vulcan XC72R, oxidised CB, EDA-functionalised, TETA-functionalised. As a 

reference, the synthesised catalysts were compared with the commercial catalyst (Pt on CB). 

Of the prepared catalysts, PtNi catalysts demonstrated higher catalytic activity than Pt catalysts. For 

both particle types, the Vulcan XC72R-supported catalysts displayed the highest ECSAs, and the 

highest degree of degradation. The lowest degradation was achieved for PtNi with the EDA-

functionalised support and for Pt with the TETA-functionalised support, which also displayed initial 

ECSAs, comparable to Vulcan XC72R. This may be attributed the preferred interaction of the PtNi 

with primary amine groups (EDA) and of the Pt particles with secondary amine groups (bridged 

binding of TETA). Furthermore, the reduced relative degradation rate may be attributed to a removal 

of the carbon fine structures in the oxidation step. Compared to all prepared catalysts, the commercial 

catalyst HiSPEC 3000 displayed a higher initial ECSA, but also a higher degree of degradation. 

To conclude, the amine-functionalisation of the carbon supports for PtNi and Pt nanoparticles 

successfully improved the electrochemical stability of the catalysts while maintaining ECSA values 

comparable to the unfunctionalised carbon support. 
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3. Introduction  

Hydrogen fuel cells are viewed as a key technology in achieving a carbon-neutral, zero-pollution 

energy sector.[1] Hydrogen can serve as a storage medium, produced through electrolysis of water 

using renewable energy sources such as wind or solar power ī a concept known as ópower-to-gasô.[2] 

Moreover, in the mobility sector, fuel cell vehicles can represent a valuable addition to battery electric 

vehicles, especially for long-range or heavy-duty vehicles.[3,4] 

In the pursuit of achieving a widespread availability of fuel cells, it is imperative to increase power 

output while reducing production costs. One approach for realising this objective is the reduction of 

the precious metal platinum, which is only available in limited quantities, in the fuel cell catalyst[5,6] 

while maintaining a high performance and long-term stability. The catalysts are necessary to reduce 

the activation energy of the fuel oxidation and oxygen reduction reactions occurring at the anode and 

cathode, respectively.[7] The commonly employed catalyst in fuel cells consists of platinum-based 

nanoparticles, embedded on a high-surface carbon support material.[8,9] The utilisation of the fuel cell 

entails an electrochemical degradation of such nanoparticle-support composite catalyst.[10] This 

reduces the fuel cell performance over time and eventually leads to the fuel cellôs end-of-life. Hence, 

current fuel cell catalyst research focusses on the enhancement of the catalystôs mass-specific 

catalytic activity in order to reduce the necessary platinum content, and secondly on the improvement 

of its electrocatalytic stability to prolong the life-time of the fuel cell. 

Since the catalytic reactions are occurring on the metal surface, the high surface-to-volume ratio of 

the metal nanoparticles ensures the optimal surface utilisation per metal weight. One strategy for the 

platinum reduction comprises of the addition of a co-metal to form an alloy[11ï14] or core-shell[15ï17] 

nanocatalyst while also being able to improve the mass-specific activity[18] and stability.[15ï17,19] 

Another approach features the improvement of the catalytic activity through modification of the 

nanoparticleôs shape. Examples for this are the highly catalytic active nanowires[20] or 

nanocages/frames/boxes[21ï23]. Moreover, it was found[24] that distinct crystal facets exhibit varying 

degrees of catalytic efficacy, resulting in some crystal shapes, for example octahedrons, 

demonstrating greater activity than others. 

The uniform distribution of the nanoparticles on a high-surface, conducting substrate further 

facilitates the accessibility of the particle surfaces.  Hence, as strong interaction between the catalytic 

particles and their substrate is imperative for the catalytic performance. Moreover, the stronger 

interaction inhibits catalyst degradation originating from particle mobility. In the last six decades, 

various works were dedicated on the surface modification of carbon substrates in order to facilitate 
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an improved metal-support interaction. Firstly, influences of oxygen functionalisations, induced by 

gas-treatment[25] or chemical treatment[26,27] were examined, revealing contradictory results, with both 

enhancing[26ï29] or inhibiting[30ï32] effects concerning metal-support interaction. Further research 

investigated various types of surface-functionalisations on carbon blacks or other carbon substrates. 

Examples include functionalisations with fluorine,[33] thiol,[34] sulfonic acid[35,36] or amines,[37ï39] 

surface-doping with nitrogen[40ï42] or boron[43,44] that propose beneficial effects of surface 

modifications with respect to catalytic performance. 

This work investigates the influence of different surface modifications of the carbon black Vulcan 

XC72R on the catalytic activities and stability of PtNi and Pt nanoparticle-support-composite 

catalysts. The synthesis route involved an oxidation prior to further functionalization through either 

amide linkage or thiol ester formation with a diamine or dithiol, respectively. The obtained oxide-, 

amine- or thiol-functionalised substrates were loaded with catalytic active colloidal nanoparticles via 

a precipitation approach to form the nanoparticle-support-composite catalysts. The catalytic 

performance was evaluated using electrochemical thin-film disc-electrode half-cell measurements. 

The electrochemical surface area (ECSA) was used as an indicator of catalytic activity, and its 

progression throughout the accelerated stress test (AST) was monitored to assess electrochemical 

degradation. 
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4. Theory 

In 1894, three decades after the commercialisation of the combustion engine[7],  OSTWALD
[45] 

criticised the steam engine as inefficient and polluting, and suggests to use the electrochemical 

conversion of fuels instead, to comfortably obtain energy without smoke, soot, or fire. Today, this 

criticism is as valid as ever, making it worthwhile to further investigate the improvement of fuel cells. 

4.1. Fuel Cells 

The principle of a fuel cell is based on the works of SCHOENBEIN
[46] and GROVE

[47] from 1839. After 

half a century of minimal progress,[7] research on fuel cells was revived by BACON
[48] and since then, 

there has been a steady advancement in fuel cell technology. 

Fuel cells are a type of galvanic cell, which are defined by their ability to generate current through a 

spontaneous redox reaction. The distinctive feature of the fuel cell is that its reactants are supplied 

externally. The basic reaction of a fuel cell consists of a combustion reaction ï the oxidation of a fuel, 

entailing the release of energy. However, in a fuel cell, the two half-reactions of the fuel oxidation 

and oxygen reduction are separated, and the electric circuit is closed by an external conductor. The 

electrical energy, resulting from the difference in chemical potentials between the two half-reactions, 

can be harvested by an electrical load, integrated into the external circuit.[7,49,50] 

Similar to a combustion engine, an externally provided fuel is required. Various compounds can be 

employed as fuels, for example hydrogen, methanol, methane, gasoline, ammonia or hydrazine.[51] 

The most prevalent fuel is hydrogen with its overall cell reaction presented in equation 4.1. Similar 

to hydrogen, other fuels are converted to their respective low-molecular waste products. 

 2 H2 + O2 Ÿ 2 H2O (4.1) 

The fundamental structure of a hydrogen fuel cell is illustrated schematically in figure 4.1. The two 

electrodes, anode and cathode, are separated by an acidic or alkaline ion-conducting electrolyte while 

an external circuit connects both electrodes. The redox half-reactions take place at the interface 

between the electrode and the electrolyte. The oxidation reaction occurs at the negative anode, 

whereas the reduction reaction takes place at the positive cathode. The specific electrode reactions 

depend on the type of electrolyte as compared in figure 4.1. The type of electrolyte also determines 

whether a proton (acid fuel cell) or a hydroxyl ion (alkaline fuel cell) is transferred through the 

electrolyte to the opposing electrode.[7] 
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Fig. 4.1: Basic electrode reactions of acid and alkaline hydrogen fuel cells. 

The voltage that can be generated by a single fuel cell is dependent on the standard potential E0 of 

the underlying cell reaction and a number of other detrimental factors, including activation energies, 

resistance or mass transport losses. The potential efficiency of a fuel cell is discussed further in the 

following chapter. As a consequence of these factors, the voltage of a single fuel cell is typically less 

than one volt, which is insufficient for most applications. Hence, usually several cells are combined 

to form a fuel cell stack. Here, several cells are connected using a bipolar plate between the anode of 

one cell and the cathode of the next, which allows the feed of reactant and waste gases through 

channels.[7] 

4.1.1. Fuel Cell Efficiency 

The advantage of the fuel cell resides in its capacity for direct conversion of chemical energy into 

electrical energy, thereby obtaining high theoretical efficiencies. As shown in equation 4.2, the 

theoretical efficiency of a fuel cell ɖT is dependent upon the ratio of the molar formation enthalpy ȹH 

to the Gibbs free energy ȹG. Consequently, different types of fuel lead to varying efficiencies. For a 

hydrogen fuel cell, the theoretical efficiency is 83 % at 25 °C.[7,49,52] 

 ɖ
T
= 
æG

æH
 = 
æὉ

æEth
0

 (4.2) 

However, in a real fuel cell, the theoretical efficiency is not achieved for a variety of reasons. Figure 

4.2, referred to as current-voltage curve or i-V curve, summarises the various influences on the 

actually measurable cell voltage.  

eς 

Acid Fuel Cell Alkaline Fuel Cell 
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2 H2 Ҧ п I+ + 4 eς 

O2 + 4 H+ + 4 eς Ҧ н I2O 

2 H2 + 4 OHς Ҧ п I2O + 4 eς 

O2 + 2 H2O + 4 eς Ҧ п OHς 

External 

Circuit 

with Load 

 

H+ OHς 

Anode (ς) 

Electrolyte 
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Fig. 4.2: Typical current-voltage (i-V) curve of a fuel cell. The dashed lines refer to the right-hand axis. 

Another way to calculate the theoretical efficiency is by dividing the standard potential ȹE0 by the 

thermoneutral voltage æEth
0, which is the theoretically achievable maximal voltage level under 

standard conditions. As described in equation 4.3, the thermoneutral voltage can be calculated using 

the standard reaction Enthalpy ȹRH0, the charge number z and the Faraday constant F.[49] 

 æὉ = 
æRὌ

z F
 (4.3) 

The standard potential E0 is the potential at the thermodynamic equilibrium. It is calculated in 

equation 4.4, using the molar Gibbs free energy at standard pressure æGm
0

. Compared to the 

thermoneutral voltage, the standard potential is lowered by the contributions of the dissipative heat, 

which can be interpreted as the increase of entropy. The standard potential of equation 4.1 is 1.229 V 

(for liquid water). Furthermore, the potential E is  dependent on the temperature and the state of matter 

of the reactants.[7,49,52] 

 E0 = 
æRGm

0

z F
 (4.4) 
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The Nernst voltage EN in equation 4.5 with the molar gas constant Rm further considers the linear 

dependency on the temperature T and the logarithmic dependency on the activities ai of the 

contributing reactants.[7,49] 

 EN = E
0ï
Rm T

z F
 Ā viĀ ln(ai) (4.5) 

The open cell voltage EOCV (or open-circuit voltage; reversible cell voltage) is the voltage that is 

measured in the absence of any load, which is considerably lower than the Nernst voltage due to side 

reactions, diffusion of hydrogen from the anode to the cathode, or electrical losses resulting from 

imperfect insulation, etc. The actually measurable cell voltage EC, also referred to as closed-circuit 

voltage, is depending upon the load current. As visible in equation 4.6, the cell voltage is lowered 

from the open cell voltage by various types of overvoltages ɖ.[49,51,52] 

 EC(i) = EOCV ï ɖA ï ɖ/ ï ɖD ï  ɖR  (4.6) 

As illustrated in figure 4.2, the predominant type of overvoltage is dependent upon the current density 

and can be divided into three areas. At low charge densities, the activation overvoltage ɖA 

predominates. The activation overvoltage originates from the kinetic processes at the anode, and 

especially at the cathode, namely the finite charge transfer rate of electrons or ions across the phase 

boundary between the electrode and the electrolyte. At elevated charge densities, the ohmic (or 

resistance) overvoltage ɖO becomes significant. The ohmic overvoltage derives from the internal 

resistance of the cell due to electron conduction and ion conduction resistances. At high charge 

densities, the diffusion rate of the reactants to the electrode is unable to keep pace with the reaction, 

wherefor the diffusion overvoltage ɖD is predominant in this charge region. The final overvoltage, 

which plays a role in all three areas, is the reaction overvoltage ɖR, that arises due to limited reaction 

rates in coupled reactions.[49,52]
 

The mentioned influences reduce the theoretical efficiency ɖT to the cell efficiency ɖC. The cell 

efficiency ɖC is defined in equation 4.7 as the ratio of cell voltage EC to the thermoneutral voltage, 

essentially the ratio of actual to ideal voltage.[49,52] 

 ɖ
C
 = 
EC (i)

æEth
0

 (4.7) 

The electrical power Pel can be calculated with equation 4.8. The power density curve in figure 4.2 

can be obtained by multiplying the voltage and current density of each point in the current-voltage 

curve. It is apparent that the maximum power density of a fuel cell typically occurs at moderately 
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high current densities, despite the fact that the cell voltage decreases with increasing charge 

density.[49] 

 ὖel = E Ā i (4.8) 

4.1.2. Types of Fuel Cells 

Throughout the years, a variety of types of fuel cells have been developed. The fuel cells differ 

primarily in their type of fuel, operating temperature, and electrolyte composition. An overview of 

the most common types of fuel cells can be found in figure 4.3.[49,51,52] 

As previously stated, different types of fuel can be employed in a fuel cell. In this regard, direct and 

indirect fuel cells can be distinguished. The former directly converts the fuel via the electrochemical 

reaction, as it is the case with a hydrogen fuel cell, a direct methanol fuel cell, or a high-temperature 

methane fuel cell. The latter, on the other hand, necessitates a preceding reforming step to hydrogen. 

An example for an indirect fuel cell is the low-temperature methane fuel cell.[51] 

Consequently, whether a fuel can be used directly or indirectly is also dependent on the operating 

temperature. The fuel cells are categorised into three classes based on their operating temperature: 

low-temperature (50-150 °C), medium-temperature (~200 °C), and high-temperature (600-

1000 °C).[51] 

The operating temperature also influences the employable catalyst for the electrode reactions. While 

low operating temperatures often necessitate the use of platinum-based catalysts, it is possible to 

utilise a less expensive nickel catalyst at elevated temperatures.[52] 

Furthermore, a variety of electrolytes can be employed. The classic fuel cell utilises an aqueous or 

concentrated acid or base as electrolyte. Additionally, at high operating temperatures, molten 

carbonates or ceramics may be applied as electrolytes in fuel cells. The most widely used electrolyte 

in commercial fuel cells is the polymer electrolyte membrane, which employs a solid, proton-

conducting polymer as electrolyte. The advantage of such polymer electrolyte resides in the absence 

of any corrosive material that may potentially leak and the irrelevance of the fuel cellôs orientation 

during operation.[51] 
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Fig. 4.3: Overview of the basic structure and reactions of Alkaline Fuel Cell (AFC), Polymer Electrolyte Membrane Fuel 

Cell (PEMFC), Direct Methanol Fuel Cell (DMFC), Phosphoric Acid Fuel Cell (PAFC), Molten Carbonate Fuel Cell 

(MCFC), Solid Oxide Fuel Cell (SOFC). 

The standard polymer-electrolyte is the perfluorosulfonic acid perfluoroethylene copolymer, known 

under the trade name Nafion. The chemical structure is shown in figure 4.4. The backbone of Nafion 

is equivalent to polytetrafluoroethylene (PTFE, Teflon). However, Nafion additionally possesses side 

chains with a sodium sulfonate end group, which is why this type of polymer is also referred to as 

ionomer. The sulfonate groups are highly hydrophilic, which leaves Nafion with the capacity to 

adsorb up to 50% of its dry weight in water. When hydrated, water clusters around the side chains, 

resulting in separated water microdomains within the macromolecular structure. Within these water 

microdomains, protons can be conducted following the Grotthus mechanism, as verified by 

TSUSHIMA et al.[53] Here, the protons hop from one water molecule to another while forming 
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hydronium ions in the process. Due to this transport mechanism, the proton transfer rate is much 

higher compared to a vehicular mechanism, where the hydronium ion travels through the water 

domain as a whole. At a relative humidity of 100 %, the conductivity of Nafion ranges between 0.01 

and 0.1 S cm-1.[7] 

 

Fig. 4.4: a) Chemical structure of Nafion, a perfluorosulfonic acid perfluoroethylene copolymer. b) Schematic 

representation of the proton transportation process following the Grotthus mechanism. 

Owing to the PTFE back-bone, Nafion possesses excellent mechanical and chemical stability, which 

enables the production of very thin membranes. For its excellent proton conductivity to function, the 

membrane has to be sufficiently hydrated at all times, which leads to some drawbacks. At low 

temperatures, the water in the membrane can freeze and at high temperatures, evaporate. Therefore, 

the operation temperature cannot exceed 80 °C at atmospheric pressure. At elevated pressure, higher 

operation temperatures can be maintained, however this may entail the breakthrough of gases. The 

increase of the operation temperature is also limited by the degradation of the sulfonate groups above 

90 °C and the transition from the amorphous to glass phase of Nafion at 120-130 °C. Furthermore, 

the fluorination of the polymer is cost-intensive and entails environmental issues. Therefore, a 

multitude of other polymers has been investigated. The most promising, non-fluorinated polymer is 

polybenzimidazole (PBI), which possesses excellent heat-resistance. However, its low inherent 

proton conductivity has to be increased via doping with a strong acid, such as phosphoric acid. But it 

also renders the electrolyte water-free, thereby eliminating the need for water-management.[7,49,54] 

Polymer conducting membranes such as Nafion are used in polymer electrolyte membrane fuel cells 

(PEMFC) or direct methanol fuel cells (DMFC). The PEMFC is the most widely used fuel cell 

type.[55] With a power-output of 0.1-500 kW, its applications focus on vehicles, but PEMFCs are also 

applied in aerospace. On the other hand, with a 0.01-1 kW power-output, the DMFC is mostly 

employed in small devices. Both types profit from the solid, non-volatile, Nafion electrolyte but also 

both have the same drawbacks of high-cost catalysts and electrolytes, and a limit of life-time. The 

DMFC has the advantage of a liquid fuel, which is accordingly easier to store. However, the direct 
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conversion of methanol suffers from slower reaction kinetics, and the polar fuel may lead to a 

methanol-crossover across the polymer membrane. Both factors entail a reduction in efficiency. 

Furthermore, DMFCs are not CO2-neutral, though their CO2-emission is still reduced compared to 

combustion engines. The utilisation of PBI as polymer electrolyte allowed the development of a high-

temperature PEMFC that operates at elevated temperatures of 120-200 °C. The elevated operating 

temperature enables an increase of the tolerance towards CO, and the system efficiency can be 

enhanced if the process heat is further used, for example as water heating.[7,49,51] 

Another often used type of fuel cell is the solid oxide fuel cell (SOFC). Due to its high operating 

temperature of 800-1000 °C and its high power-output of Ò100000 kW, this type of fuel cell is most 

appropriate for continuous, stationary applications such as power plants. SOFCs have a high 

efficiency and resulting from its high operating temperature, the cost-effective Ni can be employed 

as catalyst and hydrocarbons can be directly converted without hydrogen reformation step. 

Furthermore, it is tolerant towards impurities such as sulphur, has long life-times and the conducting 

ceramic oxide electrolyte does not require an electrolyte management. Disadvantageous for this type 

of fuel cell is its high fabrication cost and severe material constraints.[49,51] 

Other, less prevalent types of fuel cells include the alkaline fuel cell (AFC), phosphoric acid fuel cell 

(PAFC), and molten carbonate fuel fell (MCFC). The AFC had its major application in the Apollo 

space missions, where the low weight, long application duration and water byproduct offered 

substantial benefits compared to a battery. The simple KOH electrolyte of the AFC is rechargeable, 

yet it suffers from low tolerance towards impurities. The PAFC, employed in small power plants, has 

a high efficiency, but the catalyst is prone to CO poisoning and the catalyst is cost-intensive. Lastly, 

the MCFC is also employed in power plants. It has a high efficiency and is able to convert 

hydrocarbons directly. Drawbacks include a low sulphur tolerance, and the low conductivity of the 

electrolyte.[49,51] 
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4.2. Fuel Cell Catalysts 

A catalyst reduces the activation energy of a reaction by providing an alternative, faster reaction 

pathway. As a result, the reaction rate is accelerated at constant temperature without changing the 

chemical equilibrium of the reaction. By doing so, the catalyst itself is not consumed by the reaction 

and therefore does not appear in the overall reaction equation.[50,56] 

Catalysts can be categorised into homogeneous and heterogeneous catalysts. In the case of 

homogeneous catalysts, both catalyst and reactants are present in the same phase; for instance, both 

may be solved. Conversely, a heterogeneous catalyst exists in a different phase from the reactants. 

This is the case for a solid catalyst reacting with gaseous reactants as it is employed in fuel cells.[50,56] 

Heterogeneous catalysts have the advantage of being easily separable from the reaction mixture. 

However, their catalytic activity occurs solely at the interface between catalyst and reactant phase ï 

for solid catalysts at the surface of the catalyst. Therefore, an often-employed strategy is the use of 

catalysts with an extended surface area, such as porous- or nano-structures. 

In a fuel cell, the catalysed redox reaction takes place at the three-phase boundary between the solid 

(metal) catalyst, the reactant gas and the electrolyte, as depicted in figure 4.5. For the reaction to 

occur, all three phases need to intersect, as the electrolyte provides the proton transport, the gas phase 

provides the reactant, the catalytic reaction occurs on the surface of the catalyst and the latter also 

provides the electron transportation. Therefore, the electrolyte has to extend out to the catalyst 

particles and lightly cover them.[7,49] 

 

Fig. 4.5: Three-phase boundary between the catalyst (catalytic particles on porous support), the electrolyte (ionomer) and 

the reactant gas (here: O2) at the electrode of a polymer-electrolyte fuel cell. 
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The course of the catalytic reaction on the catalyst surface of the hydrogen oxidation at the anode is 

shown in figure 4.6. In the first step, the hydrogen molecule adsorbs to the catalyst surface while 

breaking the H-H bond. Subsequently, each adsorbed hydrogen atom loses one electron, and the 

proton desorbs from the surface. This hydrogen oxidation reaction (HOR) possesses very fast reaction 

kinetics leading to low voltage losses, even for low catalyst loadings.[57] 

 

Fig. 4.6: Simplified reaction scheme of the hydrogen oxidation reaction (HOR) with * denoting a surface site. 

In contrast, the oxygen reduction reaction (ORR) at the cathode is a more complicated, multistep 

reaction involving multiple intermediate products such as HO2
ī, H2O2, O2

2ī and HOī etc. The detailed 

reaction steps are still unclear and under investigation using rotating ring or disc electrode studies and 

scanning electron microscopy.[57,58] 

Two distinct ORR mechanisms may occur in acidic media. The dissociative mechanism depicted in 

figure 4.7a is similar to the HOR. The oxygen bond is broken upon adsorbing to the catalyst surface 

and the adsorbed oxygen atoms are protonated and reduced in two consecutive steps, before the water 

molecule desorbs from the surface. In this reaction, four electrons are transferred, hence it is also 

called four-electron-pathway.[57,58] 

The second mechanism is shown in figure 4.7b. In this associative mechanism, the O=O bond is not 

broken during the chemisorption. The chemisorbed O2-molecule is protonated and reduced to form 

an H2O2 intermediate, which can further react to split off H2O. Alternatively, H2O2 can desorb (and 

resorb) from the surface, which has been observed as a by-product. Since this mechanism involves 

the transfer of only two electrons, it is also known as two-electron-pathway.[57,58] 

 

Fig. 4.7: Simplified reaction scheme of the a) dissociative reaction pathway and b) the associative reaction pathway of 

the oxygen reduction reaction (ORR) with * denoting a surface site. 

Compared to the HOR, The ORR has around five orders of magnitude slower reaction kinetics, 

necessitating higher catalyst loadings. Hence, the focus of hydrogen fuel cell catalyst research lies on 
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the improvement of the cathode catalyst. In general, a good catalyst is characterised by a high catalytic 

activity with a high selectivity, a high poison resistance and a high stability. In this context, a 

significant influence can be attributed to the nature of the interaction between the reactants and the 

catalystôs surface.[57ï59] 

The first step in a heterogenic catalytic reaction is the adsorption of the reactants to the catalystôs 

surface. The two adsorption types physisorption and chemisorption can be differentiated, as shown 

in figure 4.8.[50,58] In the case of physisorption, the adsorbate is bound to the surface via the weak, 

long-range van der Waals forces. The bond enthalpy HP lies in the range of 10 to 40 kJ mol-1 and the 

process is reversible. Chemisorption involves a stronger, usually covalent bond of the adsorbate to 

the surface with a bond enthalpy HC of 80-400 kJ mol-1. It is often accompanied by a rupture or 

stretching of bonds and formation of new bonds.[50,60] 

If a molecule approaches a surface, the potential energy will decrease, leading to the physisorption of 

the molecule. For the molecule to become chemisorbed, in most cases, it is necessary to overcome a 

potential barrier with the activation energy EA due to the rupture or stretching of the chemical bonds. 

For instance, the chemisorption of hydrogen to a copper surface requires 20-40 kJ mol-1.[50] 

 

Fig. 4.8: Schematic course of the potential energy of an adsorbate molecule in the process of adsorbing to a surface in 

dependence of the distance from the surface. 

For a catalyst-mediated reaction to be successful, it is imperative that the reactant molecules are bound 

to the catalyst surface strongly enough to break its chemical bond, but weakly enough to release the 

product molecules quickly from the surface. This is also known as the Sabatier principle.[57] Hence, 

the correct binding strength determines the catalytic activity of a catalyst to a specific reaction. 
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The binding strength Ead is dependent on the position of the metal catalystôs d-band centre relative to 

the bonding orbital of the educt molecule. In contrast to the challenging determination of the 

adsorption energy, synchrotron-based high-resolution photoemission spectroscopy can be employed 

to easily assess the d-band energies. Figure 4.9 exemplary depicts the interaction between the 2p-

orbitals of oxygen with the d density states of Pt, relevant for the ORR. The coupling of the oxygen 

2p and platinum d states forms filled bonding and partly filled antibonding states. And the strength 

of the O-Pt interaction is determined by the filling of the antibonding states. The filling of the 

electronic states in the metal is dependent on their position relative to the Fermi level. If the electronic 

states shift to higher energies compared to the Fermi level, the antibonding states are shifted as well, 

which leads to a reduced filling of the antibonding states and thus to a stronger bond, and vice 

versa.[18] 

 

Fig. 4.9: Schematic representation of the interaction of the density of states (DFT calculated) of the 2p orbital of oxygen(g) 

with the d-band of platinum(111). The energy density above the Fermi energy ŮF can be allocated to antibonding states 

while the grey marked energy density below ŮF can be allocated to bonding states. 

To find the optimal catalyst among various transition metals, their catalytic activity as a function of 

their binding energy to the reactant can be utilised. This usually leads to a volcano-shaped plot ï 

hence named volcano plot ï as exemplary depicted in figure 4.10 for the ORR. Figure 4.10 clearly 

illustrates the Sabatier principle with the metals of the fitting binding energy demonstrating the 

highest catalytic activities. The pure transition metal with the highest catalytic activity for the 

ORR,[61] and also for the HOR,[62] is platinum. Notably, in both cases, platinum is not at the tip of the 

plot, suggesting the existence of an even more suitable material. 
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Fig. 4.10: Catalytic activity for the ORR of various transition metals as a function of oxygen binding energy ȹEO. 

(Reprinted with permission from [61]. Copyright 2004 American Chemical Society.) 

For the ORR, platinum binds oxygen too strongly by about 0.2 eV. The catalytic activity of platinum 

can be tuned further by incorporating a second transition metal of the formula Pt3X. DFT calculations 

predict the highest catalytic activity for the Pt3Ni alloy.[18] But not only the chemical composition is 

crucial for catalytic activity. The geometry of the surface also plays a significant role with Pt(110) 

and Pt3Ni(111) exhibiting the highest catalytic activity compared to the same material with other 

facets.[24] 

The increase in catalytic activity can be explained by the ligand effect and the strain effect, which 

arise simultaneously in most ligand systems.[63] STAMENKOVIC  et al.[24] showed that the outer shell of 

the Pt3Ni alloy consisted of a pure platinum layer above a nickel-enriched second layer, followed by 

a slightly platinum-enriched third layer. This ligand effect induces an electronic charge transfer 

between the layers, which affects the electronic band structure. 

The strain effect arises from the divergent lattice parameters of the Pt-enriched shell and the 

underlying alloy. A smaller alloy lattice results in a compression in the Pt shell, and vice versa, 

resulting in the modification of its d-band structure. While a compressive strain results in a weakening 

of the adsorption energy, an expansive strain strengthens the adsorption. The induced strain also 

remains preserved after the intentional dealloying of the less noble metal from the outer layers, 

thereby leveraging the advantages of dealloying for catalytic activity.[63,64] 

One instance in which excessively strong bonding of an adsorbate to the surface of a metal catalyst 

plays a significant role is in the phenomenon of catalyst poisoning. For a platinum catalyst in a fuel 
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cell, CO, CO2 and H2S impurities are the most relevant poisons, which adsorb to the surface and thus 

block the active sites for the reactants.[51] The efficacy of CO as a catalyst poison can be attributed to 

the manner in which it binds to the platinum surface. Alongside the electron donation of CO 5ů 

electrons to the platinum, the Pt 5d electrons also back-donate into the CO 2ˊ* orbital. This results 

in an especially strong multi-bond. The weakening of the multi-bond can be achieved by lowering of 

the d-band through alloying, which reduces the back-donation into the CO 2ˊ* orbital.[3,65] 

The kind of reactant adsorption to the catalyst also influences the selectivity of a catalyst. In a catalytic 

reaction, a good catalyst only catalyses the desired reaction, and no side product or unwanted 

intermediate is produced. In a polymer electrolyte membrane fuel cell (PEMFC), a high selectivity 

for the dissociative four-electron ORR mechanism is desirable as the associative two-electron 

mechanism produces H2O2 as an intermediate product. This is detrimental for an PEMFC, as the H2O2 

may diffuse to the membrane causing its radical oxidative degradation.[57] 

One factor impacting which reaction pathway takes place is type of adsorption mode the oxygen 

embraces upon approaching the metal surface. Three distinct types can be differentiated as depicted 

in figure 4.11. The oxygen molecule can either adsorb via one metal atom as it is the case in the 

Griffith and Pauling mode, or via two metal atoms in the Bridge mode. If the oxygen molecule 

approaches the surface laterally, it adsorbs via the Griffith mode, or if the relative position is 

appropriate, the Bridge mode is used. Both Griffith and Bridge mode activate both oxygen atoms, 

favouring the dissociative adsorption of the oxygen molecule and thus leading to the desired four-

electron pathway. In contrast, only one oxygen atom adsorbs to one metal atom in the Pauling mode. 

Here, only one oxygen atom is activated, the O=O bond stays intact and thus the two-electron pathway 

is favoured.[58] 

On most transition metals, the associative pathway via the Pauling mode predominates, while the 

dissociative pathway via the Griffith mode is most likely on a clean platinum surface.[58] Furthermore, 

the choice of the reaction pathway is also dependent on the potential with lower potentials favouring 

the associative pathway.[66] RUVINSKIY  et al.[67] determined a limit at 0.8 V for platinum nanoparticles 

under which the associative pathway predominates while the dissociative pathway predominates 

above this potential. 
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Fig. 4.11: Different types of oxygen adsorption modes to a metal surface. 

Another important factor to consider for choosing an appropriate catalyst material is the catalystôs 

stability under fuel cell conditions. The catalyst material has to withstand harsh conditions of rapidly 

changing electrical potentials, a high pH, and a high temperature under the presence of 

impurities.[57,68] The thermodynamic stability dependent on electrical potential and pH can be 

discerned for various metals from its Pourbaix[69] diagram. Similar to a phase diagram, a Pourbaix 

diagram is divided into sections showing if the thermodynamical conditions for corrosion yielding a 

soluble or gaseous product are met, of if the metal is immune to corrosion or develops a passivating 

film. Figure 4.12a displays the Pourbaix diagram for platinum, demonstrating immunity over a wide 

range of pH values and potentials. At higher potentials, platinum is oxidised and forms an oxygen or 

hydroxy layer, which is also visible at potentials above 0.7-0.8 V vs. RHE in cyclovoltammograms, 

discussed in section 4.3.2. Compared to platinum, the Pourbaix diagram of nickel in figure 4.12b 

displays significant sections yielding soluble products. 

 

Fig. 4.12: Pourbaix diagram for a) platinum and b) nickel. 
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The previous considerations demonstrate that platinum and platinum alloy nanoparticles remain the 

most advanced catalytic materials to date. To fully exploit the potential of these materials, particular 

attention must be paid to the morphology of the catalyst. Since the catalytic reaction occurs on the 

surface of the catalyst, a high specific surface area is advantageous. Nanoparticles are especially 

suited for this purpose, as a decrease in radius results in an increased surface-to-volume ratio. 

Catalytic nanoparticles are further elucidated in section 4.2.1. To maximise accessibility of the 

reactants to the catalytic surface, these nanoparticles are embedded in a high-surface-area conductive 

substrate, as detailed in section 4.2.2. In this manner, a nanoparticle-support composite catalyst is 

formed. The industrial standard[8,9,59] for low-temperature fuel cells comprises of carbon black-

supported platinum nanoparticles, also referred to as Pt/C. The synthesis of nanoparticle-support 

composite catalysts is described in section 4.2.3. The components of the composite catalyst function 

as a cohesive unit. Consequently, the properties of both the catalytic particles and the support material 

are vital for catalytic performance. Especially, the interaction between the catalytic particles 

significantly influences the catalysts performance, as elucidated in section 4.2.4. Furthermore, the 

material and morphology of both components also play a crucial role in regard to the durability of the 

catalyst. The catalyst degradation, which is an important factor for the commercialisation of a fuel 

cell, follows various mechanisms discussed further in section 4.2.5. 

An alternative to Pt/C catalysts consists of non-precious metal catalysts (NPMC). They could give 

the potential benefit of significantly reduced material costs and are typically resistant towards 

common impurities. However, to date, their catalytic performance and durability have not yet reached 

the level necessary for commercialisation.[59] Examples for NPMCs comprise of nitrogen-coordinated 

iron or cobalt cations,[70] or carbon frameworks (CNT, graphene, etc.) doped by heteroatoms (N, B, 

S, P, Cl),[71,72] showing catalytic activity towards the ORR. 

4.2.1. Catalytic Nanoparticles 

The catalytic materials with the most beneficial characteristics as catalysts for the HOR and ORR at 

ambient temperatures are platinum and platinum-alloys, as discussed in the previous section. Since 

the catalytic reaction occurs on the surface of the metal catalyst, an increase of the specific surface 

area leads to a more efficient utilisation of the precious metal. One approach is the application of 

metal nanocrystals as the surface-to-volume ratio is inversely proportional to the particle radius r. 

Consequently, a reduction in particle size results in a higher electrochemical active surface area 

(ECSA), which is dependent on the specific surface area. However, this is not the case for the surface-
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specific catalytic activity, which is constant above ca. 4 nm, but decreases with decreasing diameter 

below this threshold. This can be explained by geometric constraints that are linked to the reduction 

in particle size. While larger crystals develop distinct facets, the reduction in particle size results in 

crystals that contain a higher ratio of corner or edge atoms compared to crystal faces. The corner and 

edge atoms bind oxygen too strongly,[73] thereby reducing their catalytic activity. This phenomenon 

is known as óparticle size effectô. The mass activity, which is dependent on both the specific surface 

area and the surface-specific catalytic activity, was reported[73ï78] to have a maximum between 2 and 

4 nm. 

In addition to the material and the size of the catalytic particles, the particle shape also plays a 

significant role towards the catalytic activity. Therefore, current research investigates the synthesis 

of catalytic nanoparticles with controlled, elaborate structures. Figure 4.13 shows an overview of the 

recent development status of fuel cell catalyst nanoparticles. 

 

Fig. 4.13: Development status of catalysts employed in PEMFCs. (Reprinted with permission from [59]. Copyright 2017 

American Chemical Society.) 
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the formation of a platinum-rich skin while maintaining the beneficial lattice strain correlated to the 

alloy. More elaborate structures include core-shell nanoparticles, shape-controlled nanoparticles and 

nanoframes.[59] 

Core-shell nanoparticles consist of a platinum shell encasing a different metal such as palladium or 

nickel. The reduction of platinum may reduce costs while maintaining the catalytic activity. 

Furthermore, the core material may enhance the durability of the catalyst.[15,59] 

Nanoparticles with tailored shape take advantage of the higher catalytic activity of some crystal facets 

relative to others, for example the (110) facet for Pt or the (111) facet for Pt3Ni.[24] The objective is 

to synthesise a crystal with a shape that only exposes the crystal facets with the highest activity, as 

this can result in very high mass-activities. Figure 4.14 shows exemplary shapes exposing only one 

type of crystal facet. However, the deviation from the thermodynamically most favourable form of a 

sphere may lead to a decreased durability.[59]  

 

Fig. 4.14: Possible nanoparticle shapes exposing only one type of nanocrystal facet. 

The most recently developed type of nanocatalyst is the nanoframe, which is a hollow structure, 

consisting of a <3 nm thin frame of a shaped nanocrystal. Nanoframes display exceptionally high 

mass activities due to their extended platinum surfaces. Due to thermal segregation, platinum alloy 

nanocages consisting of non-noble metal frameworks with a platinum skin can be produced.  

Furthermore, the particles are usually highly uniform and devoid of defects, resulting in an improved 

durability. One possible drawback may arise due to proton-conducting ionomer micelles being too 

big to penetrate the frame openings, leading to lower transport rates resulting in lower current 

densities.[59,81] 

The production of the described elaborate nanoparticle sizes, shapes and compositions require a 

synthesis method with a very high degree of control. A chemical synthesis with such a high degree 

of control is the colloidal synthesis. The colloidal synthesis is a bottom-up approach involving a 

precursor and ligands. 
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During the synthesis, the precursor is transformed by a reducing agent into a monomer, which is an 

active atomic or molecular species. For example, for the synthesis of platinum nanoparticles, a 

platinum salt is used as precursor that is reduced to the monomer Pt0. Multiple monomers may form 

nuclei, which are stabilised in solution by ligands with a functional group coordinating to the 

monomer. Through the addition of more monomers, the nuclei may grow, or through the dissolution 

of the monomers, shrink. The surface of  the evolved crystals is saturated by the ligands, which 

stabilise the particles as a dispersion and also prevent particle agglomeration. Herein, the adsorption 

of the ligands is a dynamic process with a constant attaching and detaching of the ligands, allowing 

the further growth or dissolution of the nanoparticles.[82] 

Figure 4.15a and equation 4.9 illustrate the conditions necessary to form a stable crystal. The free 

enthalpy ȹG is the interplay of the two opposing forces of free surface enthalpy ȹGS and free volume 

enthalpy ȹGV. While the free volume enthalpy, dependent on the volume of the crystal and the free 

energy of the bulk crystal ȹGɜ, is negative and thus beneficial for crystal growth, the positive free 

surface enthalpy, dependent on the surface of the crystal and the specific surface energy ɔ, favours 

the dissolution of the crystal. Since the volume of a crystal is proportional to r3 while the surface is 

proportional to only r2, the free volume enthalpy predominates at a radius larger than rcrit, leading to 

the formation of a stable crystal. Up to that point, the energy barrier Gcrit must be surmounted. The 

critical radius and critical enthalpy can be calculated with equation 4.10 and 4.11 by employing the 

molar volume of bulk crystal Vm and the supersaturation s.[83,84] 

 ȹG = ȹGS + ȹGV = 4 ˊ r2 ɔ + 
4

3
 ˊ r3 ȹGɜ  (4.9) 

 ȹrcrit =  
-2 ɔ

ȹGɜ
 = 
2 ɔ Vm

R T lns
 (4.10) 

 ȹGcrit = 
16 ˊ ɔ3 Vm

2

3 (R T lns)
2  (4.11) 
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Fig. 4.15: a) Origin of the critical radius rcrit. The free surface enthalpy ȹGS and the free volume enthalpy ȹGV form the 

free enthalpy ȹG in dependence of the particle radius r. b) LaMer model showing the temporal progression of the 

monomer concentration cM during nanoparticle nucleation and growth with the critical concentration ccrit and the 

saturation concentration cs. 

To obtain uniform particles, it is paramount to separate nucleation and growth. The nucleation has to 

occur during a very short timeframe before ceasing completely. Otherwise, later formed nuclei will 

have a shorter growth time resulting in smaller particles. The LaMer model[85] shown in figure 4.15 

describes the course of the monomer concentration during particle nucleation and growth. The model 

is divided into three phases. Phase I shows the pre-nucleation phase. Here, the monomer concentration 

increases continuously due to the reduction of the precursor. Although the monomer concentration 

exceeds the saturation concentration in this phase, the energy is not sufficient to overcome the 

activation barrier. Phase II begins once the critical concentration is exceeded, and a supersaturation 

is attained. This results in a burst nucleation which in turn lowers the monomer concentration again 

below the critical concentration, thereby ceasing nucleation. Henceforth in phase III, solely particle 

growth occurs, reducing the monomer concentration, until the saturation concentration is 

reached.[83,84] 

One way to achieve the separation of nucleation and growth is the hot injection[86] method. During 

this synthesis method, the monomer or the reducing agent is injected rapidly into the hot reaction 

mixture facilitating a burst nucleation. The nucleation depletes the monomer to an extent which 

prevents further nucleation. The reaction temperature can even be lowered during the growth period 

to reduce the chances of a secondary nucleation. 
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A phenomenon referred to as Ostwald ripening must be considered during the later stage of 

nanoparticle growth. According to equation 4.10, the critical radius is inversely proportional to the 

monomer supersaturation and temperature, leading to an increased rcrit at a decreasing supersaturation 

and temperature. Therefore, smaller particles become unstable and dissolve, resulting in the 

deposition of monomers onto larger nanoparticles, which in turn, grow. This leads to a defocusing of 

the size distribution with typical size distributions of 15 to 20 %.[83,84] 

Under certain reaction conditions, the inverse process to the Ostwald ripening may occur, named 

digestive ripening. Here, a dispersion of polycrystalline nanocrystals, capped with weak ligands, 

which exhibits a large size distribution, is removed from the reaction solution and transferred to a 

new solvent under aid of strong ligands. The nanoparticles are refluxed with an excess of the strong 

ligands, which attack the nanocrystals at their crystal defects that exhibit lower lattice stabilisation 

energy and hence higher chemical reactivity. Subsequently, smaller clusters, stabilised by the ligands, 

react with the remaining crystals until an equilibrium between etching and redeposition process is 

established and all crystals have reached an optimal size. This process leads to the formation of single-

crystal nanoparticles with a size distribution below 5 %.[87] 

In most cases, the sphere is the thermodynamic equilibrium shape for the nanoparticles since the 

overall surface is minimised. Nanocrystals with other shapes can be obtained through a shape-

controlled synthesis. Here, the different chemical potentials of the distinct crystal facets can be 

utilised to facilitate an anisotropic, kinetic growth. Since facets with higher chemical potential grow 

faster, the low-energy facets will subsequently present a larger surface area in relation to the high-

energy facets. To facilitate the kinetic growth, a low growth temperature and high monomer 

concentration is advantageous. Additionally, organic ligands or inorganic stabilisers that selectively 

adsorb stronger to specific crystal facets may aid in the kinetic growth.[88] 

An alternative synthesis approach to the classical colloidal synthesis is the electrochemical 

nanoparticle synthesis. Here, the nanoparticles are grown on an electrode or conductive substrate in 

a growth solution devoid of a reducing agent. Instead, a reductive current is employed. The 

electrochemical synthesis may be conducted without ligands, hence producing surfactant-free 

surfaces beneficial for heterogeneous catalysis. Anisotropic growth can be induced using oxidative 

etching followed by regrowth, application of a weak oxidising current which adds shape-directing 

oxygen-adsorbates, or through addition of shape-directing ligands.[89,90] 
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4.2.2. Nanoparticle Support Materials  

In fuel cells, especially in low temperature fuel cells, the catalyst typically consists of two parts: the 

catalytic active nanoparticles and the support material on which the nanoparticles are distributed. The 

even distribution of the nanoparticles on the support material increases the accessible nanoparticle 

surface and thus the catalytically active surface area while also decreasing degradation. As such, the 

requirements for the support material are a high specific surface area, good electrical conductivity, 

high stability under fuel cell usage conditions, and a suitable porosity that allows for good reactant 

flux. Since a high catalytic performance and catalyst durability is not only dependent on the catalytic 

nanoparticle, but also depends on the support material, the improvement of nanoparticle support 

materials has been subject of research for many groups.[8,9] 

The most widely used support material for low-temperature fuel cells are carbon blacks, which are 

amorphous carbons[91] synthesised by pyrolysis of hydrocarbons[8,9,92]. Due to the manufacturing 

process, carbon blacks are very cheap and highly available,[8] but also suffer from sulphur 

impurities.[9,92] They are characterised by a medium to high electric conductivity[93] and specific 

surface area[9]. Though if the high specific surface area stems from micropores, it hinders the 

accessibility of reactants and Nafion micelles.[8,9] Another drawback of carbon blacks is their 

comparable low thermochemical[8,9] and electrochemical[94ï96] stability leading to catalyst 

degradation. A more detailed description of carbon blacks is given in section 4.2.2.1.  

Carbon blacks can be physically or chemically activated in pursuit of property enhancement. Physical 

activation refers to a thermal treatment with the objective of removing surface impurities. It is carried 

out in inert atmospheres at 800-1100 °C or under air/steam at 400-500 °C.[8] Chemical treatment on 

the other hand refers to the introduction of surface functional groups by oxidation.[8] The oxidation 

can be undertaken by various oxidants, such as acids, oxygen or other oxidants and usually, a variety 

of oxide groups is formed including carboxylic acid, phenolic groups or carbonyl groups.[92] They 

can serve as anchor groups for metal nanoparticles or precursor ions increasing the metal loading and 

nanoparticle dispersion.[27,97] Furthermore, the oxide groups increase hydrophilicity[27,92,98] and 

wettability[99] of the support material. Unfortunately, the presence of surface oxide groups will lower 

the carbon corrosion resistance even further.[100] However, as suitable surface functionalisation may 

enhance the interaction of catalytic nanoparticles with their support material[34ï39], the introduction of 

various groups such as -NH2
[39,101,102], -SH[34], -SO3H,[35,36] -CF3,

[33] are being investigated. Oxidised 

carbon blacks are further described in section 4.2.2.2 and an overview over differently functionalised 

carbon blacks is given in section 4.2.2.3. 
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In order to improve properties as support materials in catalysts, various types of carbon materials are 

being explored. To improve reactant flux, the pore structures are adjusted to contain mainly 

mesopores (2-50 nm). Such materials include ordered mesoporous carbons and carbon gels.[8,9] 

Ordered mesoporous carbons are synthesised by using a silica or triblock copolymer template. The 

templates are filled with a suitable carbon precursor, which is carbonised before removing the 

template. This synthesis method is deemed simple and relative cost-effective. The ordered 

mesoporous[8] carbons are characterised by a high specific surface area of 400-1800 m2 g-1, but exhibit 

a rather low conductivity of 0.003-1.4 S cm-1. Furthermore, their surface can also contain oxide 

groups that may facilitate metal dispersion.[8,9] 

Carbon gels are obtained by carbonisation of organic sol-gels. For this, suitable organic precursors 

such as  resorcinol and formaldehyde are employed. After their polycondensation, the gel is dried and 

carbonised by pyrolysis in an inert atmosphere. Different kind of gels are distinguished by their drying 

method. Aerogels are evaporated normally, xerogels are dried supercritically and cryogels are freeze-

dried. Because of the easy tunability of synthesis and processing conditions, a wide range of pore and 

surface properties can be obtained. Specific surface areas are in the range of 400-900 m2g-1 and the 

conductivities are approximately >1 S cm-1.[8]   

Similarly to carbon blacks, mesoporous carbons also exhibit a low corrosion resistance. On the other 

hand, carbon materials with higher grade of graphitisation, exhibit a higher corrosion resistance. One 

method is thus to graphitise the carbon material via heat-treatment in an inert atmosphere of 2500-

3000 °C. Though, this can be accompanied by a significant reduction in surface area. An alternative 

approach is the use of high surface area graphite, which is obtained through a special grinding process, 

which achieves high surface areas of around 300 m2 g-1. Furthermore, materials of higher graphitic 

nature like graphene, carbon nanotubes or carbon nanofibres are being investigated as nanoparticle 

support materials.[8,103]  

A relatively newly developed material[104] is the basic structural element of many carbon materials: 

graphene. Graphene is a single carbon sheet that is composed of sp2 hybridised carbon, arranged in a 

hexagonal lattice, as illustrated in figure 4.16a.[9,105ï107] It can be synthesised through chemical vapor 

deposition, arc-discharge, chemical exfoliation or reduction of graphene oxide. Graphene is 

characterised by a high mechanical stability and high corrosion resistance[104,105]. The rippled, but 

planar structure bears a very high theoretical surface area of ca. 2600 m2 g-1.[9,104,108] The conductivity 

of a single graphene sheet is about 1000 S cm-1, but the charge transfer between graphene flakes 

usually reduces the conductivity on a macromolecular scale.[109] Graphene also exhibits a high 
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electron transfer rate, which is believed to facilitate the oxygen reduction reaction rate Moreover, the 

strong interaction of platinum particles with the grapheneôs ˊ-system may induce a positive effect on 

the platinumôs electronic structure. On the other hand, the strong ́-ˊ interactions between the 

individual graphene sheets and their high surface area can easily lead to aggregation between the 

sheets. To tackle this problem, the graphene-carbon-black composite materials have been investigated 

as catalyst support materials.[9,105,106] 

Similar to other carbon materials, the oxidation of the inert graphene surface may enhance 

hydrophilicity and introduce anchor groups improving metal dispersion. Yet, with increasing 

oxidation grade, the conductivity decreases by usually 2-3 orders of magnitude. Another promising 

form of graphene modification is the doping with nitrogen. Here, the nitrogen atoms enter the carbon 

lattice with covalent bonds, forming pentagons and heptagons, which results in an increased 

conductivity of the neighbouring carbon atoms. Therefore, the doping results in a higher catalytic 

activity. Furthermore, the introduced defects can act as anchoring sites for metal particles and the 

catalystôs durability has also been found to be improved.[9,105,106] 

Graphene sheets that are rolled into a seamless cylinder are known as carbon nanotubes (CNT).[107,110] 

Synthesis methods include arc discharge, laser ablation, chemical vapour deposition, and plasma 

enhanced chemical vapour deposition. Carbon nanotubes exist as single-wall (SWCNT) or multi-wall 

(MWCNT) carbon nanotubes, as depicted in figure 4.16. The latter consists of multiple carbon tubes 

stacked in one another with a spacing of typically 0.34 nm. The outer diameter typically measures 

10-50 nm and the inner diameter 3-15 nm with a length of 10-50 µm.  The nanotubes are distinguished 

by their tubeôs helicity and diameter resulting in different properties.  Among other things, the 

structure is responsible for the level of conductivity, and whether the tube has metallic or a semi-

conductor properties.[110,111] In general, due to their high crystallinity, CNTs exhibit a level of 

conductivity by several orders of magnitude higher compared to other carbon materials with 102-

106 S cm-1 for SWCNTs and 103-105 S cm-1 for MWCNTs.[112] The porosity of MWCNTs can be 

attributed firstly to microporous inner cavities and secondly to mesopores that form between 

aggregated tubes, achieving surface areas of 200-400 m2 g-1. SWCNTs, on the other hand, mostly 

exhibit micropores, leading to higher specific surface areas of 400 to 900 m2 g-1. The CNTôs graphitic 

character leads to thermal and electrochemical[113] stability that is higher compared to amorphous 

carbon. Moreover, CNTs have a positive effect on the platinum structure which is advantageous for 

the catalytic activity. However, one disadvantage concerning the commercialisation of carbon 

nanotubes as catalyst support material are their high manufacturing costs.[8,110] 
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Due to their inert surface, carbon nanotubes suffer from a lack of suitable particle anchor sites leading 

to poor particle dispersion, especially at high metal loadings.[8] Similar to previously mentioned 

carbon materials, the carbon nanotube surface can be oxidised or otherwise functionalised to render 

the surface more hydrophilic and improve particle support interaction.[8,9] Unfortunately, this is 

accompanied with a decrease in conductance by several orders of magnitude.[114] 

A material similar to carbon nanotubes is the carbon nanofibre, also known as graphite nanofibre. 

They are synthesised by decomposition of gases containing a carbon precursor over a metal surface 

(chemical vapour deposition).  Carbon nanotubes and nanofibres differ in the orientation of the 

graphene sheets. The latter consist of small graphene sheets that are stacked parallel to form long 

fibres.[8] According to their structure, they are categorised as platelet, ribbon, herring-bone or spiral 

types.[8,115] (The first three types are depicted in figure 4.16.) Accordingly, only the edge regions of 

carbon nanofibres are exposed which results in a sufficient amount of anchor groups negating the 

necessity of a functionalisational pre-treatment. Moreover, carbon nanofibres have no or only a thin 

hollow cavity, and compared to carbon nanotubes, they are much larger, exhibiting diameters of up 

to 500 nm and lengths up to a few millimetres. Carbon nanofibres exhibit conductivity, comparable 

to CNTs of 102-104 S cm-1 and medium specific surface areas of 10-300 m2 g-1.[8,9] 

 

Fig. 4.16: Schematic illustration of different types of carbon support materials. a) Graphene. b) Single-walled carbon 

nanotubes.  c) Multi-walled carbon nanotubes. d) Platelet-type carbon nanofibres. e) Herring-bone-type carbon nanofibres. 

f) Ribbon-type carbon nanofibres. 

Despite the improvement in corrosion resistance associated with materials that exhibit a high degree 

of graphitisation, carbon corrosion is only reduced and continues to persist to a certain degree in all 

carbon materials. Therefore, non-carbon materials have been investigated as a potential 

alternative.[9,116] 

In particular, conductive ceramics are regarded as promising candidates for fuel cell. Examples 

include many metal oxides like titania, zirconia,  tin oxide, and tungsten oxide, which are often doped 

a)                         b)                     c)                            d)                             e)                         f) 
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or used in their sub-stoichiometric form to overcome the inherent low conductivity of many metal 

oxides at low temperatures. Non-oxide compounds include titanium nitride, titanium diboride, and 

tungsten carbide.[9,116] 

These materials are valued due to their high corrosion stability within the fuel cell environment and 

the high electrochemical stability of ceramics supported nanoparticle catalysts. The electric 

conductivities span from 0.1 S cm-1 to values as high as 105 S cm-1. Furthermore, many materials 

demonstrate enhanced CO tolerance or promote the catalytic reaction. Some metal oxides are known 

to interact with the supported particles, altering their catalytic activity, thus giving the potential to 

serve as a co-catalyst rather than just a mechanical support. An additional benefit exhibited by some 

materials, such as sulphated zirconia or hydrous ruthenium oxide, are their proton-conducting 

properties. This could reduce the necessary amount of ionomer, which may improve gas diffusion 

and water transportation.[9,116] 

One challenge in the development of such support materials lies in achieving a sufficiently high 

specific surface area and appropriate porosity. Many ceramic support materials suffer from specific 

surface areas below 100 m2 g-1, which significantly restricts the attainable catalytic active surface area 

and the possibility of high metal loadings.[9,116] HUANG et al. achieved mesoporous TiO2 supports 

through a template assisted method with a specific surface area of 266 m2 g-1, which is comparable 

with Vulcan XC72R.[117] 

Overall, a variety of fuel cell catalyst support materials has been developed. Starting with the classic 

carbon black, different carbon materials are being investigated, as well as non-carbon ceramic 

materials. All materials exhibit advantages and limitations, which have to be carefully evaluated, 

while also keeping in mind production costs that are an important factor for the economic feasibility. 

Therefore, research is ongoing as the optimal support material has yet to be found. A more detailed 

description of materials used in this work can be found in the following chapters. 

4.2.2.1. Carbon Blacks 

The most commonly used support material for platinum or platinum alloy nanoparticles in 

commercial low-temperature fuel cells are high surface area carbon blacks.[8,9,118] Carbon blacks are 

amorphous carbons[91] that are synthesised via pyrolysis of hydrocarbons[8,9,92] with a limited supply 

of air at ca. 1400 °C.[8] Through variation in starting material and pyrolysis conditions, carbon blacks 

with different morphologies and particle size distributions can be obtained.[9,92,118] Due to the 

manufacturing process, carbon blacks often contain small impurities of sulphur, hydrogen, and 
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oxygen.[9,92] The oxygen impurities can give the carbon black either acidic or basic properties, 

depending on the functional oxide group.[92] 

The base structure of carbon black resembles that of graphite: The carbon atoms form layers with a 

honeycomb structure of six-membered carbon rings,[91] often saturated with hydrogen at the edge 

which is a remnant from the production using hydrocarbons.[92] These layers form crystallites with a 

diameter of ca. 0.3 nm and a height of ca. 0.2 nm,[119] that are held together by attractive Van-der-

Waals forces. Though in contrast to graphite, the layers do not possess the mutual three-dimensional 

orientation.[91] They are not completely parallel and sometimes bent.[120,121] Also, the inter layer 

distance is variable, and with around 0.344-0.395 nm, higher than that of graphite (0.3354 nm).[91] 

Instead, the layers form a spherical shell structure, that can be attributed to the manufacturing process, 

where the layers are wrapped around a disordered nucleus with a preferred orientation parallel to the 

particle surface as shown in figure 4.17. These spherical particles have, depending on the type of 

carbon black, a diameter of 10 to 400 nm. Furthermore, the spheres typically build larger 

agglomerates, often chainlike, which contain meso- and macropores. Micropores on the other hand 

are thought to originate from the primary particles.[120,122] 

 

Fig. 4.17: Schematic visualisation of a section through a carbon black particle. a) Primary particle with graphene layers 

wrapped around a disordered nucleus. b) Agglomerates forming meso- and macropores. 

The pore size distribution of the carbon blacks plays a big role for the application in fuel cells. While 

the pores contribute largely to the high specific surface area, smaller pores bear the problem of 

inaccessibility. Catalytic nanoparticles inside micro- and mesopores with a diameter below that of the 

micelle diameter of Nafion (>40 nm) cannot take part in the catalytic reaction.[8,9] 

a)                              b) 
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Tab. 4.1: Selection of carbon blacks used as support material in fuel cells.[9] 

Carbon Black Manufacturer  Specific surface area / m2 g-1 

Vulcan XC72R Cabot 250 

Black Pearl 2000 Cabot 1500 

Shawinigan Chevron 80 

Ketjen Black EC600J Ketjen 800 

Ketjen Black EC600JD Ketjen 1270 

Denka Black Denka 65 

 

A table listing commonly used carbon blacks is provided in table 4.1. The carbon black Vulcan XC72R 

from Cabot used in this work is one of the most widely used support materials due to its low 

manufacturing costs, high electric conductivity of 4.0 S cm-1[93] and high specific surface area of 

around 250 m2/g.[8,9,123] It consists of polydisperse particles with an average diameter of 30 nm,[8,124] 

which combine to form larger aggregates,[122]  as seen in Figure 2.18a. It is a low structure carbon 

black, where the inter-particle pores dominate the pore structure.[35] (In contrast to high structure 

carbon blacks with dominating intra-particle pores.) The pore size distribution in Figure 4.18b reveals 

that Vulcan XC72R contains mainly larger pores with a macropore percentage of 54 %[123] and only 

a low amount of micropores.[122] 

 

Fig. 4.18: a) TEM image of Vulcan XC72R von Cabot. b) Pore size distribution curves for Ketjen Black and Vulcan 

XC-72.  (Reprinted with permission from [122]. Copyright 2010 American Chemical Society.) 

4.2.2.2. Oxidised Carbon Blacks 

One method being explored to improve the properties as a fuel cell support material, is the oxidation 

of carbon blacks, which is also referred to as chemical activation.[8] The oxidative treatment can be 

carried out using oxidising agents such as NaOCl, KMnO4 or (NH4)2S2O8, acids such as HNO3, H2O2 

a) b) 
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or citric acid, or by exposure to air, oxygen, oxygen plasma, or ozone. While the former, wet 

treatments can be carried out more easily and with standard equipment, it is difficult to control the 

oxidation reaction and to purify the oxidised carbon from residual oxidants.[8,91,92,125] 

The base structure of the oxidised carbon blacks is composed of small layer stacks that are less 

regularly organised as in plain carbon black. The layers are curved and cross-linked with various 

oxide groups at the edges. The position of the oxide groups can be explained by the manufacturing 

process, where the oxidising agents primarily attack the edges and defect sides.[92] However, it is 

possible for strong acids, such as sulphuric acid, nitric acid, or a mixture of both, to disrupt the 

aromatic ring system of carbon nanotubes[126,127] and thus potentially attack the side of the graphene 

layers.  

Another often observed side effect of the oxidative treatment is a reduction in specific surface area 

and micropore volume.[100,128ï132] The decrease occurs to a greater extent with increasing severity of 

oxidation.[100,128ï130] One explanation could be the blockage of micropores by the introduced 

functional groups.[132,133] 

Due to the unspecific oxidation process, a variety of oxide groups such as carboxyl groups or carbonyl 

groups can be found. These groups cannot be viewed as discrete organic functional groups, but as a 

diverse combination of functional groups in numerous mesomeric forms located on the same 

amorphous polyaromatic frame. Because of the proximity to the aromatic carbon sheets, hydroxyl 

groups would have phenolic character while an ether group would have xanthene character. A 

selection of possible surface oxide groups is shown in figure 4.19.[92,134] 

 

Fig. 4.19: Possible structures of surface oxygen groups in oxidised carbon blacks. a) carboxyl group b) carboxylic 

anhydride group c) lactone group d) lactol group e) hydroxyl group (phenolic character) f) carbonyl group 

g) quinone group h) ether group (xanthene character) i) pyrone. 
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The interplay of the individual groupôs dissociation constants determine the acid/base properties of 

the oxidised carbon black and its ion exchange properties including its isoelectric point.[92,135,136] The 

groups can be categorized according to their dissociation constants as high acidity (carboxylic 

groups), low acidity (anhydride and phenol groups), neutral or mild acidity (ketone groups), low 

basicity (aliphatic hydroxyl, quinone, lactone groups) or high basicity (pyrone groups, C-ˊ donor 

sites).[137] Although the latter is not an oxide group, it can be assumed that C-ˊ donor sites of the 

carbon blackôs aromatic sheets are also present in oxidized carbon blacks.[92,137] 

Due to the inhomogeneous character of the oxidised carbon black with differently sized graphene 

sheets and randomly arranged oxide groups, the individual groups show a wide spread of dissociation 

constants. However, the acidity constants of groups differ several orders of magnitude and cluster 

around discrete values. Therefore, they can be differentiated by titration experiments.[92] 

Direct titration methods are not very effective because of the slow adjustment of the ion exchange 

equilibrium of the functional groups, especially at high pH values.[98,138,139] A more convenient way 

is to perform a neutralisation adsorption titration experiment. This method includes an initial 

neutralisation step using an appropriate reactant such as 0.05 M NaHCO3 for the determination of 

carboxyl groups. The neutralisation agent is added in excess and is separated from the oxidised carbon 

after a sufficient equilibration time. Next, an excess of HCl is added to an aliquot of the solution to 

neutralise the remaining NaHCO3. The CO2, that is generated by the reaction of NaHCO3 with HCl, 

is removed by boiling. Lastly, the solution is back-titrated with NaOH to determine the amount of 

free HCl. Other functional groups can be detected with suitable reactants. For example, lactone rings 

can be opened with Na2CO3 and NaOH, whereas a weak base like NaHCO3 cannot open the ring. 

Phenolic hydroxyl groups are weakly acidic and require stronger bases like NaOH. As an even 

stronger base than NaOH, NaOEt reacts with carbonyl groups to hemiacetals, and it can open 

carboxylic anhydrides to form the ester plus the carboxylate. However, an oxidised carbon sample 

usually contains more oxygen than detectable by titration, which is often attributed to ether-type 

groups.[92] The titration experiments can be impractical when dealing with small sample sizes.[140]  

Other methods to investigate the type of surface oxygen groups include spectroscopy. 

Infrared (IR) spectroscopy can be used to identify surface functional groups. However, the 

interpretation of the IR spectra can be challenging due to the inhomogeneous character of the material 

with a variety of non-isolated groups.[134,140,141] Broad absorption bands are expected due to the wide 

range of electronic environments of the functional groups[128,142] and multiple groups may contribute 

to one absorption band.[140] Additionally, the strong IR absorption of carbon can pose a hindrance.[92] 
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Especially with mildly oxidised carbons the intensity of the absorption bands is often not 

sufficient.[140]  

Another method for the investigation of the surface oxygen groups is temperature-programmed 

desorption (TPD), also known as thermo desorption spectroscopy (TDS). In this method, the oxidised 

carbon is heated in an inert atmosphere, and the released gases are monitored.[27] The different 

functional groups decompose to CO and CO2 at different temperatures.[140] While carboxyl and 

lactone groups decompose to CO2, phenol, ether, carbonyl, and quinone groups decompose to CO. 

Carboxylic anhydrides on the other hand show both a CO2 and CO peak.[140] One issue that may arise, 

especially in micropores, is the occurrence of secondary reactions. At higher temperatures, the 

released CO2 can react with the carbon surface to produce CO, while at lower temperatures, CO can 

react with surface oxygen groups to form CO2.
[92] 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique that reveals the chemical 

composition of the first few atomic layers.[140] The amount and type of surface oxygen groups can be 

determined by studying the O1s and C1s peaks.[60,143] XPS can also be used to determine the grade of 

graphitisation of the carbon sample using the area of the ˊ-ˊ* peak.[144] 

4.2.2.3. Further Functionalised Carbons 

In addition to oxidised carbon blacks, alternative surface modifications have been employed in the 

pursuit of novel fuel cell support materials with enhanced properties. Suitable functional surface 

groups may enhance the support-nanoparticle interaction leading to improved stability and catalytic 

activity.[34ï39] Carbon surface modifications have been studied on various types of carbon materials, 

such as carbon blacks[145ï147], carbon nanotubes[148ï151] (CNTs), fullerenes[152ï154], and graphene[155], 

etc. for a broad range of applications such as solubility of CNTs,[149] biofunctionalisation[156,157], 

chemical force microscopy[158], coupling of quantum dots to CNTs[148] and many more. 

Depending on the functional group to be introduced to the carbon surface and the nature of the carbon 

surface, many synthesis routes have been applied. Fundamentally, for covalent functionalisations, 

direct (or in-situ generated additives) and multi-step synthesis method can be distinguished. Examples 

for direct functionalisation routes include the [2+1] cycloaddition of carbenes[153,154] or nitrenes[159], 

the 1,3-dipolar cycloaddition of azomethine ylides[152,160,161], radical addition[159,162ï164] and 

halogenation[145,165]. The multi-step synthesis procedures require a primary introduction of functional 

groups through oxidation or halogenation. Examples are the exchange of previously added surface 

chlorine groups with cyanide groups[145] or the urethane linkage with hydroxyl groups[146]. 
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A commonly employed multi-step synthesis route in literature is the formation of carboxylic acid 

groups through oxidation, followed by amide linkage. This can be achieved by a number of different 

synthesis routes, which are summarised in figure 4.20. The easiest approach to achieve an amide 

linkage is the direct reaction of the carboxylic acid group with an amine. Though, it is still debated 

whether the amide[38,166] is formed, or the ammonium-carboxylate zwitterion[167,168]. Alternatively, 

the carboxylic acid group can be converted into a more reactive compound as an intermediate step. 

Commonly, thionyl chloride is used to obtain the highly electrophilic acyl chloride group which 

subsequently forms an amide linkage with an amine.[149,169] This approach comes with the 

disadvantage of harsh reaction conditions.[170] Another approach with milder reaction conditions is 

the esterification of the carboxylic acid group with an alcohol in acidic conditions and the subsequent 

reaction of the ester group with an amine to form the amide bond.[170] Also, a carbodiimide coupling 

can be undertaken by reacting the carboxylic acid group with a carbodiimide to form an O-acylisourea 

intermediate which can react further with an amine to form an amide.[148,156,171] To avoid the many 

possible side reactions here, additives such as N-hydroxysulfosuccinimide or N-

hydroxysulfosuccinimide ought to be used.[171]  

 

Fig. 4.20: Overview over different synthesis route for the carbon surface modification using oxidation, followed by amide 

linkage. (1) Direct synthesis route with amine. (2) Route using acyl chloride intermediate step. (3) Carbodiimide coupling. 

(4) Intermediate esterification route.  
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4.2.3. Nanoparticle-Support Composite Synthesis 

To create a nanoparticle-support composite catalyst commonly employed in low-temperature fuel 

cells, one of two distinct synthesis approaches is typically employed. 

The first synthesis approach, which is more prevalent in industry, is the impregnation method. In this 

approach, the formation of the catalytic nanoparticles is conducted directly on the carbon support 

material. For this, the carbon support is mixed with a solution of platinum salt, followed by the 

removal of the solvent in a drying step. Subsequently, the impregnated carbon support is reduced (e.g. 

with hydrogen or NaBH4) and/or heat treated to decompose the platinum salt to form platinum 

nanoparticles. The formation of an alloy catalyst can be achieved by employing a metal salt mixture 

or by subsequent impregnation step. The impregnation synthesis approach is a simple, cost-effective, 

one-step method. However, controlling the crystal size, size distribution, shape, and composition 

using this method is challenging. Furthermore, the surface chemistry and morphology of the support 

significantly influence the nanoparticle synthesis. One contributing factor is the presence of 

micropores in the substrate. Due to capillary forces, the platinum nanoparticles are preferentially 

formed within the micro pores, thereby reducing accessibility to the catalytic surface.[172,173] 

The second synthesis approach involves the nanoparticle synthesis separated from the support 

material, and their subsequent deposition on the support. The separate nanoparticle synthesis can 

improve control over the nanoparticle morphology. Furthermore, the particles preferably deposit on 

the exterior surface of the support, thereby improving the catalyst surface accessibility. The particle 

deposition can be carried out for instance by mixing the particles and the support in a solvent and 

removing the solvent by evaporation. One synthesis method well suited for this purpose is the 

colloidal synthesis approach described in section 4.2.1. This method allows for excellent control over 

particle composition and morphology including size, size distribution and can even realise complex 

nanoparticle structures. However, the colloidal synthesis involves the application of surface-

stabilising ligands, which may block the catalytic surface during fuel cell operation which is 

detrimental to the catalytic activity. Therefore, surfactant-free nanoparticle synthesis approaches are 

being investigated.[172ï174] 

4.2.4. Nanoparticle-Support Interaction  

The catalytic performance and stability of a composite catalyst consisting of supported metal particles 

significantly depends on the interaction between the particles and the support. A strong interaction 

improves particle stability and accelerates the electron transfer at the electrode-electrolyte interface. 
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Conversely, a weak interaction may facilitate particle movement leading to agglomeration. 

Furthermore, during catalyst synthesis via the impregnation method, a strong interaction between the 

metal ion precursor and the support enhances particle dispersion.[8,9,173] 

The interaction between platinum nanoparticles and its carbon substrate is attributed to the differing 

Fermi levels in Pt and C, which are equalised as a result of this interaction. This interaction is linked 

to a charge transfer from platinum to carbon, with a more substantial charge transfer associated with 

a stronger bond. The charge transfer can be observed using X-ray photoelectron spectroscopy (XPS). 

Here, the XPS of Pt 4f shifts to higher energies after the platinum nanoparticles are supported on the 

carbon substrate, with a greater shift indicating a stronger bond.[173] 

The particle-support interaction is significantly influenced by the surface chemistry of the support. 

For pure carbon supports, such as the predominantly used carbon blacks, as well as CNTs or CNFs, 

etc. (described in Section 4.2.2), two types of interactions can be differentiated. The graphite structure 

consists of basal and edge planes. On the basal planes, the carbon interacts with the platinum particles 

via its ˊ-electrons. On the other hand, a Pt-C bond is formed at the edge planes. Areas, where only 

one type is present are regarded as a homogeneous surface and a mixture is considered a 

heterogeneous surface. It has been noted that a heterogeneous surface featuring numerous inter-

crystalline boundaries is more effective at stabilising metal particles in a highly dispersed state.[9] 

In the case of oxidised carbon supports, the type of surface oxygen groups is critical for their 

interaction with the metal nanoparticles. Various oxygen groups can be categorised according to their 

acidity, as described in more detail in section 4.2.2.2. The surface comprises acidic carboxylic acid 

groups, mildly acidic anhydrides and phenolic groups, mildly basic quinones and lactones, and basic 

pyrone groups. Additionally, the graphene C-ˊ donor site also present on the oxidised surface are 

regarded basic as well.[137] It was observed after the synthesis via the impregnation method that mildly 

acidic oxygen groups and C-ˊ donor sites facilitate the platinum particle dispersion on the support 

while stronger acidic groups and basic groups are detrimental. It can be concluded that mildly acidic 

groups such as anhydrides and phenolic groups act as anchor sites for platinum precursor ions.[26,137] 

Sintering experiments of platinum particles supported on differently oxidised carbon supports also 

showed improved particle stability under the presence of mildly acidic surface groups.[27] This 

suggests that these oxygen groups may also facilitate a good interaction with platinum particles. 

Aside from oxygen functionalisation, other types of surface functional groups, such as sulfonic or 

phosphonic acid groups, were demonstrated to be beneficial towards interaction with platinum 

particles.[173] The amine-functionalised carbon substrates prepared by EGUIZABAL  et al.[39] displayed 
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a higher shift of the XPS Pt 4f peaks towards higher energies compared to unfunctionalised carbon. 

This indicates a stronger charge transfer and thus an improved particle-support interaction. 

4.2.5. Degradation of Nanoparticle-Support Catalysts 

Throughout the lifecycle of a fuel cell, its operation is accompanied with a decline of the cell voltage, 

leading eventually to its end-of-life. The origin of the voltage loss is predominantly caused by 

structural changes in the electrodes.[10,49] 

During fuel cell operation, the catalyst has to withstand very harsh conditions, such as elevated 

temperature, low pH, impurities and high electrode potentials.[68] This particularly pertains to the 

cathode, which is generally operated at a higher electrical potential,[58] and may additionally reach 

high potentials up to 1.5 V during startup and shutdown phases, while the fuel cell normally operates 

at a rather steady potential below 1.0 V.[68,175] 

The composite catalyst employed in a PEMFC typically consists of platinum-based nanoparticles, 

supported on a carbon black substrate. Both components of the composite, the catalytic particles and 

the carbon substrate, are subjected to degradation processes. The key factor in lowering the efficiency 

of the catalyst is the reduction of its catalytic surface area. This reduction can either arise through the 

loss of the catalytically active material, the growth of the catalytic nanoparticle leading to a lower 

surface-to-volume ratio, or the coverage of the catalytic surface. Accordingly, various degradation 

mechanisms can be differentiated, as represented in figure 4.21. 

The degradation mechanisms are influenced by a variety of factors. Primarily, the structure of the 

catalyst, encompassing particle size, shape, composition, spatial distribution, type of support material 

and the interaction between the particles and the support material, affect the degradation process. 

With regard to the electrode potentials, higher potentials and potential fluctuations facilitate a 

significantly more severe degradation compared to lower, static potentials. However, under practical 

conditions, all mechanisms occur simultaneously complicating the task of distinguishing between 

individual processes.[68,176] 

The first two degradation mechanisms encompass the dissolution of platinum. The dissolved platinum 

ions may either migrate from the catalyst and can be found in the ionomer membrane or the discharge 

water, or the ions may be redeposited on other nanoparticles. The process of platinum dissolution and 

redeposition follows a mechanism similar to the Ostwald ripening described in section 4.2.1. Usually, 

smaller particles with higher chemical potential dissolve and the redeposition on larger particles leads 

to a further growth. Hence it is referred to as electrochemical Ostwald ripening.[68] 
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Fig. 4.21: Overview over the six types of degradation mechanisms of carbon supported platinum nanoparticle catalysts 

occurring during fuel cell operations. (1) Platinum dissolution and removal. (2) Platinum dissolution and redeposition 

(electrochemical Ostwald ripening). (3) Particle detachment and removal. (4) Particle migration and agglomeration. (5) 

Carbon corrosion. (6) Platinum surface oxidation. 

Generally, due to the higher chemical potential, the dissolution of platinum alloys is favoured by 

smaller particle sizes,[177] anisotropic shapes, or rather Pt atoms with lower coordination numbers 

such as edges or kinks,[16] and less noble metal components in alloys.[178] NAGAI et al.[179] showed the 

low durability of highly catalytic active PtNi nanooctahedrons due to nickel leaching leading to 

spherical catalytic particles with reduced nickel content. Furthermore, platinum particles that are 

oxidised on their surface are more susceptible to dissolution.[175,175,180] Another contributing factor is 

the oxidation of the carbon support material. The electron-withdrawing carbon surface groups 

interacting with the platinum particles may facilitate the platinum dissolution.[181] 

The third and fourth degradation mechanisms are associated with particle movement as a whole. This 

includes the detachment of the particles and their migration along the surface. A particle detachment 

without a subsequential re-adhesion to the support results in a loss of catalytic material. The migration 

of the particles typically promotes the agglomeration of multiple particles upon contact, leading to 

the formation of a larger particle with a reduced specific surface area. Particle mobility is facilitated 

by a low particle-support interaction, and, in the case of the agglomeration, also by a high spatial 

particle density.[68,176] 

In addition to the degradation of catalytic nanoparticles, the carbon support material also undergoes 

degradation during fuel cell operation. The suggested carbon corrosion mechanism involves the 

reaction of carbon with water under the formation of carbon dioxide according to equation 4.12. This 
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carbon gasification has a thermodynamic equilibrium potential of 0.207 V; however, it is kinetically 

hindered. Nonetheless, the harsh operational conditions of the fuel cell, characterised by elevated 

temperatures, high potentials, and substantial oxygen concentrations at the cathode, render the 

reaction possible.[68,182,183] For commercial carbon black supports, carbon corrosion typically occurs 

at potentials exceeding 0.8-0.9 V[35,64] with potential fluctuations resulting in a more severe carbon 

corrosion than static potentials.[176,182] However, the catalytic metal, particularly platinum, catalyses 

the gasification of carbon.[182,184] Therefore, the electrical potential necessary for carbon corrosion is 

lowered to 0.6-0.8 V.[184] 

 C + 2 H2O Ÿ CO2 + 4 H+ + 4 e- (E0 = 0.207 V vs. RHE)[185] (4.12) 

The corrosion of the carbon support results in a reduction in its size, which facilitates the 

agglomeration or detachment of the supported nanoparticles, subsequently diminishing catalytic 

performance.[68,116,176,182]] Furthermore, the reduction in the carbon structure may result in the 

destruction of the pore network essential for reactant transport, leading to mass transport losses.[68] 

Additionally, this shrinkage can reduce the contact between the catalyst and the current collector of 

the fuel cell, resulting in increased electrical resistance.[182] The carbon oxidation may also produce 

CO as an intermediate oxidation step,[184] which, known as a catalyst poison, may block the catalytic 

surface.  

The degradation is presumed to start from defects in the graphite lattice of the carbon support.[182] 

Moreover, the type of carbon support is essential for its durability, with carbon supports of a higher 

degree of graphitisation exhibiting greater resistance to carbon corrosion.[35,94,95,113,182] It has been 

indicated that the surface oxidation of the carbon support may facilitate carbon corrosion. 

Additionally, the increased hydrophilicity of the oxidised carbon may assist in this process, as it leads 

to a higher presence of water to react with carbon (eq. 4.12).[100]  

The previously described mechanisms pertained to irreversible catalyst degradation processes. 

Moreover, reversible catalyst degradation processes are also observed, derived from the surface 

coverage of the catalyst with oxides, hydroxides, or carbon monoxide. The resulting inhibition of 

catalytic active sites leads to a reduction in catalytic performance. Yet, the catalyst surface can be 

refreshed by applying a reductive potential.[176] 
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4.3. Half -cell measurements 

The development of novel fuel cell catalysts typically begins on a laboratory scale. The catalysts are 

synthesised in small quantities and their properties are first tested separate from other fuel cell 

components. A suitable characterisation method for the determination of the catalytic performance 

are thin-film half-cell measurements as it is a fast screening method requiring only a small sample 

quantity.[186] 

The measurement set-up, depicted in figure 4.22, typically consists of three electrodes (working 

electrode, counter electrode, reference electrode), immersed in an electrolyte filling the 

electrochemical cell. The three electrodes are connected via a potentiostat to control the voltage and 

measure the current.[7] 

The sample to be examined is coated on a working electrode as a thin-film. The application of the 

catalyst sample to the working electrode is described in detail in section 4.3.4. The glassy carbon disc 

electrode is a commonly employed working electrode due to its chemical inertness and low 

permeability to gases and liquids.[187] A possible surface oxide layer or impurities are commonly 

removed from the glassy carbon electrode by polishing with a 0.05 µm Al2O3-particle suspension.[186] 

To close the electric circuit, a counter electrode is employed. The counter electrode needs to have a 

sufficient area and usually consists of the same material as the material being investigated in order to 

prevent the dissolution of components from the counter electrode to deposit on the working 

electrode.[7] 

 

Fig. 4.22: Typical three-electrode set-up employed in half-cell measurements. 
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The third electrode is the reference electrode, which is necessary to assess the potential at the working 

electrode. The potential cannot be measured against the counter electrode because current flows 

through both. To avoid overpotential at the reference electrode, the current flowing through is kept 

as small as possible, using a high-resistance. The absolute potential of an electrode is dependent on 

the temperature, the pressure, the pH, and electrolyte composition and concentration.[188] 

Electrode potentials are usually reported relative to the hydrogen electrode equilibrium potential as a 

reference point. The reaction occurring at the hydrogen electrode ( Pt(s)ƅH2(g)ƅH
+ (aq) ) is the redox 

reaction of hydrogen gas with dissolved hydronium ions. Several types of hydrogen electrodes can 

be distinguished. The potential of the standard hydrogen electrode (SHE) is defined at a hydrogen gas 

pressure of 0.1 MPa (1 bar) and at a pH of 0, where the activity of the hydrogen ions is 1. The absolute 

potential of the SHE at 25 °C is calculated to be 4.44±0.02 V.[189] However, as a basis for comparison, 

the potential of the SHE is defined to be 0 independent of temperature. The outdated normal hydrogen 

electrode (NHE) uses a solution of 1 N acid and hydrogen gas at ca. 1 atm pressure,[190] compared to 

the theoretically ideal conditions of an SHE.[50] 

To measure the relative potential of the working electrode under practical laboratory conditions, a 

reference electrode with a stable, known potential is employed as reference electrodes. Reference 

electrodes of the first and second kind are differentiated. 

Reference electrodes of the first kind consist of a metal in an aqueous electrolyte containing the 

metalôs cations which are in equilibrium with the metal. Consequently, the electrode potential is 

dependent on the properties of the electrolyte. An example that is included in this category is the 

reversible hydrogen electrode (RHE). Compared to the SHE, the RHE is not separated from the 

electrolyte by a salt bridge and therefore dependent on the activity of the hydrogen ions, and 

accordingly on the pH of the electrolyte solution. The potential of the RHE relative to the SHE can 

be calculated with equation 4.13.[50] Though hydrogen is a gas, it is in equilibrium with the hydrogen 

ions in its electrolyte, hence the principle of a reference electrode of the first kind is applicable. In 

literature, the potential is often given against the RHE instead of the SHE. The advantages of the RHE 

lies in its low level of impurities.[188,191] 

 ERHE = 0 V ï 0.0592 V Ā pH (25 °C) (4.13) 

In the case of reference electrodes of the second kind, the potential-determining metal ions in solution 

are in equilibrium with a poorly soluble salt precipitate of the electrode metal. Therefore, the 

equilibrium potential of the electrode depends on the solubility product of the precipitate. The activity 

of the anions, contained in the solubility product, can be controlled by the addition of an easily soluble 
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salt such as KCl. Hence, the electrode potential is dependent on the concentration of the KCl solution 

with a decreasing potential as the concentration increases. Furthermore, the solubility is temperature 

sensitive, leading to a decreasing potential with increasing temperature. Reference electrodes of the 

second kind typically have the advantage of a quick and reproducible adjustment of its equilibrium 

potential. Commonly employed reference electrodes of the second kind comprise the saturated 

calomel electrode (SCE, ( Hg (l)ƅHg2Cl2 (s)ƅCl
ï (aq.) ) and the Ag/AgCl electrode 

( Ag (s)ƅAgCl (s)ƅClï  (aq.) ).[188] Table 4.2 lists the electrode reactions and potentials of the most 

commonly used reference electrodes. 

Tab. 4.2: Electrode potentials of common reference electrodes relative to the standard hydrogen electrode (SHE) at 

25 °C and a pH of 1. Potentials of SCE and Ag/AgCl are given for saturated solutions of KCl.  

Reference Electrode Electrode reaction[188] Potential vs. SHE / V 

Reversible hydrogen electrode (RHE) 2 H+ + 2 eï Ÿ H2 -0.0592[191] 

Saturated calomel electrode (SCE) Hg2Cl2 + 2 eï Ÿ 2 Hg + 2 Clï +0.244[192] 

Silver/silver chloride electrode (Ag/AgCl) AgCl + eï Ÿ Ag + Clï +0.197[192] 

 

The reference electrode may be used directly in the measurement half-cell, or it can be connected to 

it via an electrolyte bridge. To reduce the voltage-drop due to the electrolyte resistance, the distance 

between the reference and the working electrode has to be minimised. The distance may also be 

bridged using a Luggin capillary.[188] 

Additionally, the electrochemical cell is usually equipped with a gas inlet to flush the electrolyte with 

nitrogen to remove solved oxygen, or with oxygen to measure the oxygen reduction reaction. 

Furthermore, the temperature of the electrolyte should be kept constant, as the temperature influences 

the reaction velocity, albeit leading to only small differences in the measurement results.[186] 

Commonly employed electrolytes are 0.1 M HClO4 and 0.5 M H2SO4. Traditionally, sulphuric acid 

was utilised, but HSO4
ï and SO4

2ï ions are highly susceptible to the adsorption to Pt surfaces, which 

lowers the measured catalytic activity. The perchlorate anion of HClO4 is comparably stable. 

Therefore, the 0.1 HClO4 electrolyte is regarded as standard electrolyte for half-cell measurements. 

Nevertheless, the perchlorate ion degrades over time producing Clï ions which inhibit the ORR. 

Hence, the employed HClO4 is required to be fresh and the HClO4 concentration should not exceed 

0.1 M as the Clï impurities are elevated at greater concentrations. Furthermore, since higher 

temperatures facilitate the perchlorate ion decomposition, measurement temperatures should be 

maintained at 25-30 °C.[186] 
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As the presence of impurities may compromise the accuracy of the measurements, all employed 

chemicals need to adhere to chemical grades of high purity. Therefore, a thorough cleaning process 

is also required prior to the measurement to eliminate all organic and inorganic impurities. This 

cleaning process may involve soaking of the glass and Teflon equipment in concentrated acids, such 

as sulphuric acid or peroxomonosulphuric acid, followed by repeated rinsing with ultrapure water.[186] 

4.3.1. Cyclic Voltammetry 

Cyclic voltammetry (CV) serves as a valuable technique for investigating processes occurring on the 

surface of electrocatalysts. In this methodology, a triangular voltage profile (fig. 4.23) is applied to 

the working electrode in a cyclic manner, and the resulting current response is measured. Typically, 

the reversal potentials Erev-low and Erev-up are selected within the range for hydrogen (EH2ŷ) and oxygen 

(EO2ŷ) evolution. Common reversal potentials for a full surface layer diagram include 0 or 0.05 V vs. 

RHE as lower and 1.0 or 1.2 V as upper reversal potential. To minimise a deactivation of the electrode 

during experimentation, a scan rate of at least 0.1 to 0.3 V s-1 should be employed.[188] 

 

Fig. 4.23: Course of the applied potential of a CV measurement. 

The measurement is conducted in a nitrogen-flushed electrolyte which contains no substances that 

can be electrochemically converted within the reverse potentials. Therefore, the resulting currents are 

solely based on the formation of surface chemisorption layers of hydrogen and oxygen. The current 

plotted against the respective potential of one cycle is called surface layer diagram. The layered 

structure diagrams are characteristic of each electrode in a specific electrolyte and can be used to 

compare the activities of different electrodes. A typical surface layer diagram of platinum in 

perchloric acid is shown in figure 4.24.[188] 
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Fig. 4.24: Surface layer diagram of a polycrystalline Pt disc electrode in 0.1 HClO4, recorded with a scan rate of 0.1 V s-1 

from 0.05 to 1.2 V. 

The surface layer diagram can be divided with increasing potentials into the hydrogen region, the 

double layer region and the oxygen region. 

Upon application of a voltage, the electrolyte ions of the opposite charge adsorb to the electrode. 

Immediately adjacent to the electrode, counterions adsorb without a solvation shell, while at greater 

distances, a diffuse ion cloud is formed, encompassing a solvation shell. The concentration of this ion 

cloud diminishes with increasing distance from the electrode.[50] This ion layer is referred to as 

electric double layer. To overcome the electric double layer, the capacitive current jcap is required, 

which is dependent on the double layer capacitance Cd and the scan rate as shown in equation 4.14. 

Therefore, at a constant scan rate, the double layer current remains constant across the entire potential 

range and adds to the currents originating from surface chemisorption. This can be seen in the centre 

of the surface layer diagram of platinum, where, despite the absence of chemisorption peaks, a current 

which can be attributed to the double layer current, is still recorded.[188] 
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Located on the right side of the surface layer diagram is the oxygen region. At potentials above 

approximately 0.8 V vs. RHE, an anodic peak occurs, originating from the chemical reactions 

outlined in equation 4.15 and 4.16. Upon reversal of the potential, the oxide layer is removed, giving 

rise to a cathodic peak in the range of approximately 1.0 to 0.4 V.[188] At potentials above ca. 1.5 V, 

the oxygen evolution reaction occurs, where molecular oxygen is formed.[193] 

 

 

   Pt + H2O ᵶPt-OH + H
+ + e-   (4.15) 

 

 

   2 Pt-OH  ᵶPt-O + Pt + H2O   (4.16) 

Below 0.4 V, a cathodic peak emerges which can be ascribed to the formation of a hydrogen 

adsorption layer according to equation 4.17. The reverse reaction occurs after reversal of the potential, 

resulting in an anodic peak. The different peaks within the hydrogen peak are attributable to different 

crystal facets of the platinum surface.[188]  

 

 
   Pt-H+ + e-ᵶPt-H   (4.17) 

The hydrogen adsorption peak transitions seamlessly into the hydrogen evolution peak at even lower 

potentials. The current originating from the hydrogen adsorption decreases gradually while the 

current originating from the hydrogen evolution increases gradually with decreasing potential. The 

cathodic minimum, which is visible in the surface layer diagram at ca. 0.075 V, can be attributed to 

the approximately equal rate for hydrogen adsorption and evolution.[194] 

Since the hydrogen adsorption peak displays the current resulting from the formation of a monolayer 

of hydrogen, its area (shaded in figure 4.24) can be employed to calculate the electrochemical active 

surface area. The minimum, which signifies the transition to the hydrogen evolution reaction, should 

be designated as the lower x-limit of integration, while the capacitive double layer current should 

define the upper y-boundary for the integration. The integrated charge as a function of time yields the 

hydrogen adsorption charge QH,ad. It can be used to calculate the electrochemical active surface area 

(ECSA) according to equation 4.18. For this, QH,ad is divided by the theoretical charge of a full 

monolayer of H atoms on a clean polycrystalline Pt surface QH,theo, which amounts to 210 µC cm-2. 

Furthermore, the ECSA is given in relation to the mass of platinum mPt employed on the working 

electrode.[186,194] 
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 ECSA = 
Q
H,ad

mPtĀ QH,theo
  (4.18) 

4.3.2. Oxygen Reduction Reaction 

The oxygen reduction reaction (ORR) that is occurring at the cathode of most fuel cells can be 

investigated as a half-cell reaction in a laboratory scale. Since the ORR has slower kinetics compared 

to the hydrogen oxidation reaction (HOR), researchers typically concentrate on improving fuel cell 

catalysts in regard to this reaction. In literature on novel fuel cell catalysts, the ORR activity is the 

most widely stated value for comparison of the catalytic activity. 

The ORR is conducted using the standard three-electrode half-cell set-up described in section 4.3. 

Typically, prior to the actual measurement, a preliminary electrochemical cleaning step of the 

working electrode is conducted in the nitrogen-flushed electrolyte via potential cycling, for example 

between 0-1.2 V vs. RHE. The precise reversal potentials, number of cycles, and scan rate has to be 

individually adjusted to the specific catalyst. Subsequently, the ECSA is determined as described in 

section 4.3.1.[186] 

Thereafter, the electrolyte is flushed with oxygen and the ORR polarisation curve is measured at 

1600 rpm in a linear sweep, typically following the order 1.03 V Ÿ 0.05 V Ÿ 1.03 V. The 

measurement is conducted with a sweep rate of 5-20 mV s-1 since the measurement is influenced to a 

larger extent by impurities at lower sweep rates and the capacitive effects are larger at higher sweep 

rates. To account for capacitive currents, a background sweep using the same measurement protocol 

in nitrogen-purged electrolyte is subtracted from the ORR polarisation curve.[186] 

A typical ORR polarisation curve is displayed in figure 4.25. At high potentials, the ORR rate is 

kinetically controlled. The reaction proceeds slowly, resulting in very low increases of the current 

density as the potential decreases. In the potential region between 0.75 and 1.00 V, the reaction is 

mixed kinetic-diffusion-controlled. The reaction rate increases quickly, resulting in a steep drop of 

the current density. At ca. 0.7 V, the current density reaches a plateau, where it is limited by the 

diffusion rate of the reactants dependent on the rotation speed.[186,195] 
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Fig. 4.25: Typical ORR polarisation curve. 

From the polarisation curve, the onset-potential Eonset and the half-wave potential E1/2 can be obtained 

as visual benchmark values with good catalysts displaying higher potentials. Since Eonset is defined 

differently in literature, E1/2 is a more solid value for comparison.[186,195] For the calculation of the 

ORR activity, the back-ground-corrected currents at 0.4 V and at 0.9 V are employed to calculate the 

mass-transport corrected kinetic current Ik. according to equation 4.19. The current at 0.4 V gives the 

diffusion-limited current I lim. The current at 0.9 V is used to quantify the electrocatalytic activity 

towards the ORR as interferences from mass-transport losses might have an influence at currents  

above 0.9 V.[186] 

 IË = 
I0.4V Ā I0.9V

I0.4V  I0.9V
 (4.19) 

The ORR activity of a catalyst is usually given in relation to the employed platinum on the working 

electrode as the mass-specific ORR activity Im (eq. 4.20), or the surface area-specific ORR activity Is 

(eq. 4.21).[186] 

 I = 
Ik Ā QH,theo

Q
H,ad

 (4.20) 

 I = 
Ik

mPt
 (4.21) 
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4.3.3. Accelerated Stress Test 

The gradual degradation of a fuel cell catalyst during operation leads to a decline of the cell voltage. 

Consequently, a significant amount of research focusses on the reduction of the degradation rate. 

Different types of degradation processes are discussed in section 4.2.5. The novel catalysts which are 

developed in a laboratory scale are examined in half-cell measurements with regard to their 

electrochemical stability. In this context, accelerated stress tests (AST) are employed to simulate fuel 

cell operations in a short time-frame. The aqueous acidic electrolyte is used to mimic the Nafion 

membrane. Through a combination of AST with imaging techniques, underlying degradation 

mechanisms can be investigated.[68,176] 

During AST measurements, a specific sequence of potentials is applied to the working electrode for 

an extended duration. As different potential windows result in different types of degradation, a 

multitude of potential windows in the range of 0 to 1.5 V vs. RHE is employed. Furthermore, 

fluctuating potentials accelerate the catalyst degradation process compared to static potentials. 

Fluctuating potentials can be simulated as cyclic triangular-wave or square-wave potentials. To assess 

the degradation rate, the catalytic activity is measured as ORR or ECSA before, after, and after in-

between cycles. Depending on the type of fuel cell operation to be simulated, varying AST protocols 

are employed. Typically, fuel cell load cycles or start-stop-conditions (fig. 4.26) are investigated as 

proposed by the Fuel Cell Commercialization Conference of Japan (FCCJ).[6,176] 

The AST load cycle simulates the conditions during a normal fuel cell operation, where typically 

potentials between 0.6 and 1.0 V vs. RHE arise. 0.6 V corresponds to the maximum load and 1.0 V 

arise during idle stop operation. During AST, the potential is usually cycled between the two 

potentials in a square-wave potential.[196] 

The dominantly detrimental effect on the catalyst degradation are the conditions during the start-up 

and shut-down of a fuel cell. Here, the gas purging is insufficient, resulting in cathode potentials 

locally rising up to 1.5 V.[6,68] AST protocols investigating the degradation during start-stop 

conditions typically apply a triangular-wave potential between 1.0 and 1.5 V[6] or a constant potential 

at 1.5 V[176]. 
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Fig. 4.26: Schematic representation of the course of the applied potential (vs. RHE) during AST as recommended by the 

FCCJ. a) Load cycles. b) Start-stop cycles. 

4.3.4. Catalyst Thin-Films 

The disc-electrode half-cell measurements used to assess the catalytic activity of a novel catalyst on 

a laboratory scale is accompanied with the challenging production of suitable thin-films coated on 

the glassy carbon disc electrode. The thickness of the thin-film should not exceed 0.2 µm as thicker 

layer may increase the mass-transport resistance leading to lower measured activities. Consequently, 

inhomogeneously distributed thin-films, exhibiting varying morphologies across different 

measurements, reduce the reliability of the measurement.[186] 

The effect of the film quality on the ECSA and ORR was illustratively presented by GARSANY et al., 

depicted in figure 4.27. The detrimental effect of a non-uniform film is clearly visible as a lower 

hydrogen adsorption peak in the surface layer diagram (fig. 4.27a) and as a lower diffusion-limited 

and mixed kinetic-diffusion controlled current in the ORR polarisation curve (fig. 4.27b). The 

detrimental effect is more pronounced for the ORR compared to the ECSA, as the intermediate and 

good film show barely any difference in the hydrogen adsorption peak, while a clear difference is 

visible in the polarisation curves.[186] 
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Fig. 4.27: Influence of the thin-film quality on the a) electrochemical active surface area (ECSA) and oxygen reduction 

reaction (ORR). Reprinted with permission from [186]. Copyright 2010 American Chemical Society. 

For the preparation of the catalyst thin-film, the supported nanoparticle catalyst is suspended to form 

a so-called catalyst-ink. A drop of the ink is subsequently applied to a freshly-polished and cleaned 

glassy-carbon electrode and allowed to dry. This preparation procedure entails a problem, which is 

inherent to the drying of a drop of suspension: The suspended particles experience an outward-flow 

during drying, resulting in their precipitation in the form of a ring. This phenomenon is known as the 

coffee-ring effect which is described in detail in the next section. 

To counter the coffee-ring effect, GARSANY et al.[197] introduced the rotational drying method. Here, 

the working electrode is placed upwards on a rotor and the drop of ink is applied. During drying, the 

electrode is rotated around its longitudinal axis with an optimal speed of 700 rpm. The group could 

achieve an improvement of the film-uniformity and ECSA and ORR reproducibility with this method. 

KE et al.[198] was able to produce homogenous thin-films by using an óintermittently microcontact-

coating fine-dropletsô method. In this method, a multitude of 3 nL-sized catalyst drops was applied 

in an intermittent pattern with a micro-distance contact between the drops and the surface. The tiny 

drops containing a highly-volatile liquid evaporated in less than a second, leaving the catalyst 

particles anchored to the surface. The obtained evenly-distributed films resulted in higher ORR 

values, while negligible effects were observed towards ECSA. 

An important factor towards the film quality is the stability of the catalyst ink. To produce a uniform 

film, the ink should be homogeneously suspended and stable, as aggregates increase the mass 

transport resistance. Usual ink suspending agents, employed for metal nanoparticles on carbon 

supports, consist of a mixture of water with different alcohols in varying ratios. The exact ink recipe 

depends on the exact catalyst and has to be optimised accordingly. For this, the concentration and the 

a)                                                                                                            b) 
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pH of the ink formulation has to be taken into account as well. For the formation of the well suspended 

ink, an ultrasonic bath is often employed for mixing.[186,199,200] 

In addition, Nafion is often added to the ink formulation, or coated directly onto the dried thin-film 

to improve the adhesion of the catalyst film to the glassy carbon electrode. Small Nafion additions to 

the ink formulation have been found to improve the stability of the suspension due to the repulsive 

energy of the negatively charged SO2
ï side chains. However, the presence of Nafion has an inhibiting 

effect on the ORR activity (with a minimal impact on ECSA). This inhibiting effect has been 

attributed to blockage of Pt surface sited due to the adsorption of the sulfonate anion to the Pt 

surface.[186,199,201,202] 

4.3.4.1. Coffee-ring effect and Marangoni effect 

When a drop containing uniformly dispersed particles dries, the particles get deposited in form of a 

ring at the edge of the drop. The effect is often observed in daily life: When for example a drop of 

coffee, or tea is spilled and left to dry, the resulting residue forms a ring, hence the name of the 

phenomenon: coffee-ring effect.[203] The same effect also plays a great role in research and industrial 

applications such as printing[204], coating[205], and biology[206]. 

The mechanism behind the phenomenon was extensively investigated by DEEGAN et al.[203,207,208] 

They pinpointed the reason for the ring-shaped deposition in the pinning of the dropôs contact line 

and the higher evaporation rate at the contact line in comparison to the dropôs centre. 

Normally, a uniform evaporation would result in a receding contact line with constant contact angle, 

as shown in figure 4.28a. On the other hand, when the contact line is pinned, and the dispersant 

evaporates at the edge of the drop, more dispersant needs to be added from the centre to remain the 

dropôs equilibrium height profile that is dictated by surface tension. This radial outward flow carries 

the dispersed particles with it and leads to a ring-shaped deposition at the dropôs edge. Consequently, 

the contact angle will have to decrease during the drying process with the pinned contact line as seen 

in figure 4.28b.[203] 

DEEGAN et al. describe the process of the pinned-contact lineôs origin as a self-pinning: It is suspected 

that initially, the first particles adsorb on the substrateôs surface with a slight surface roughness or 

impurities acting as a foothold. From here, the process is self-reinforcing with the first adsorbates 

acting as the foothold for the next. Eventually, the adsorbates at the dropôs edge will keep the contact 

line much longer fixed than just through the substrate.[208] In accordance, smooth Teflon shows no 

pinned contact line and thus no coffee-ring whereas rough Teflon does.[207] 
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Fig. 4.28: Schematic illustration of the drying process a) without fixed contact line and b) with fixed contact line. The 

pale blue profile shows the drop before drying and the deep blue profile during the drying process. The points A and B 

indicate the motion of the contact line. The arrows indicate the radial outward flow that is responsible for the ring-shaped 

deposition. 

The conditions under which the coffee-ring forms is the subject of research by many groups. DEEGAN 

et al.[203,207] showed in their experiments, that the coffee-ring formation is insensitive to a wide range 

of experimental conditions such as temperatures, humidity, and pressure. The effect occurs within a 

wide range of solute concentrations, solute sizes and drop sizes with a minimal kinetic drop-size limit 

of ca. 1[209] to 10[210] µm. Below this diameter,  the fluid evaporates faster than the movement of the 

particles and no coffee-ring is formed. 

DEEGAN et al.[207]  observed the coffee-ring effect with various dispersants such as water, acetone, 

methanol, toluene, and ethanol. However, HU et al.[211]  showed that when using octane as dispersant, 

no coffee-ring is formed, and the dispersed particles instead precipitate preferably at the dropôs centre. 

In case of octane or other alkanes another effect plays a predominant role: the Marangoni effect. 

The Marangoni effect derives from a surface tension gradient induced flow from low to high surface 

tension. Originally[212] described for a liquid-liquid interface, it can also derive from thermal 

differences. In a drying drop, the only heat source is the substrate, where the drop is drying on. Hence, 

the drop is the coldest on its tip where it is the furthest away from the substrate, even though this is 

the place with the least evaporative cold. Since the surface tension is inverse proportional to the 

temperature, the temperature gradient also leads to a surface tension gradient with the highest surface 

tension at the dropôs tip. This induces a radial inwards flow ï the Marangoni effect.[207] 

This Marangoni inward flow counteracts the outward flow that is responsible for the coffee-ring 

effect. If the Marangoni effect, which is dependent upon the type of fluid,[211]  is stronger than the 

coffee ring effect, it can reverse the deposition pattern.[207] However, surface contaminants with a 

concentration as little as 300 molecules µm-2[213] can inhibit the Marangoni flux.[214]  

Another way to control the flows arising during drying is by manipulating the evaporation rate. 

DEEGAN et al. linked the coffee-ring effect to the relation of the evaporation profile to the height 

profile of a drop. The evaporation profile describes the rate of evaporation relative to the radial 

distance from the dropôs centre. This relationship was further investigated by DEEGAN et al. by 

a)                                                               b)                       
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observing the drying process of three identical drops under different drying conditions. Figure 4.29 

compares the evaporation profiles with the height profile of the drop.[207] 

The first drop was allowed to dry normally. Here, the rate of evaporation is the highest at the dropôs 

edge and decreases towards the centre. The drop formed a coffee-ring after drying. The second drop 

was mounted on a pedestal surrounded by a water bath which water level coincided with the base of 

the drop. This leads to an approximately spatially uniform evaporation rate. After drying, this drop 

also developed a coffee-ring, but with a broader ring. The third drop was placed in a chamber with a 

small hole above the dropôs centre. In this case, the evaporation occurred primarily at the dropôs centre 

with a decreasing evaporation rate towards the edge, so that the evaporation profile matched the 

dropôs height profile. In this case, the solute dried in the form of a uniform deposit. Therefore, it can 

be concluded that a coffee-ring will be formed whenever the evaporation profile mismatches the 

height profile of the drop.[207] 

 

 

 

 

 

Fig. 4.29: Change in the interface height (blue) of the drop and evaporation profiles (red) of three different drying 

conditions: a) Allowed to dry normally. b) Mounted on a pedestal surrounded by water bath with a water level coinciding 

with the base of the drop. c) Surrounded by a chamber with a small hole above the centre of the drop. 

Further research conducted on this subject identified further influences on the coffee-ring formation 

such as interparticle interaction,[215ï217] additives,[217ï219] drying orientation[220] or application of AC 

Voltage.[221] In many cases, the formation of a coffee-ring could be suppressed, yet every approach 

only applied to very specific conditions, wherefore the drying conditions have to be adjusted 

depending on the specific situation.  
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5. Objective 

Fuel cells employ electrocatalysts to reduce the activation energies of the fuel oxidation and oxygen 

reduction reaction occurring at the anode and cathode, respectively.[7] Most catalysts are based on a 

heterogenic platinum or platinum-alloy catalyst. To increase the utilisation of the nanoparticle 

surfaces, the nanoparticles are supported on a high-surface, conducting substrate to form a 

nanoparticle-support-composite catalyst.[8,9] Hence, the interaction between the nanoparticles and 

their substrate is paramount for the catalystôs catalytic activity and their stability. The electrochemical 

degradation of the catalyst, which contributes to the fuel cellôs eventual end-of-life, can be partially 

attributed to particle agglomeration and detachment. Accordingly, an improved binding strength of 

the particles to the substrate may lead to lower degradation rates and thus longer life-times. 

The aim of this work was to introduce functional groups to the surface of the carbon-based support 

materials, which could serve as anchor groups with a stronger, more localised interaction with the 

catalytic nanoparticles. As a base material for functionalisation, the carbon black Vulcan XC72R was 

chosen, as it is one of the most widely employed support materials in fuel cell catalysts.[8,123] The 

functional groups introduced to the carbon black comprised of various oxide groups, amine groups 

and thiol groups. 

Subsequently, the composite catalysts were to be synthesised by depositing colloidal platinum or 

platinum-alloy nanoparticles onto the functionalised support materials. The employed precipitation 

method for the particle deposition was to be customised to the functionalised carbons and the catalytic 

particles with the objective to achieve catalysts with homogeneously distributed catalytic 

nanoparticles. 

For the quantification of the catalytic activity, thin-film disc-electrode half-cell measurements were 

employed as they offer a high screening throughput and require only minimal quantities of the test 

substance.[186] The measurement procedure and preparation were to be adjusted to increase the 

reproducibility and a test protocol with the goal to quantify the electrochemical degradation was to 

be established. Finally, the adjusted electrochemical measurement procedure was to be employed to 

evaluate the influence of the introduced functional groups in regard to electrocatalytic activity and 

stability. 

 

  



Dissertation   E. Felgenhauer 

 

-59- 

 
 

6. Results and discussion 

The catalyst in fuel cells commonly consists of a nanoparticle-support composite material, where the 

metal nanoparticles act as the catalytically active component that is distributed on a high surface, 

conductive substrate.[8,9] An improved interaction between catalytic nanoparticles and support 

material can improve the catalytic activity and stability. One approach to improve the particle-support 

interaction is the introduction of functional groups to the surface of the support material.[34ï39] The 

first part of this work focusses on the surface modification and characterisation of carbon support 

materials. To form the catalyst, catalytic nanoparticles are deposited onto the surface of the support 

material. The second part of this work focusses on the catalyst synthesis and their electrochemical 

characterisation. The results are based on the practical work, conducted at the University of Hamburg 

between 2019 and 2024. 

6.1. Functionalisation of Carbon Black 

The most widely used support material for catalysts in fuel cells is carbon black[9,118] which has a 

similar chemical structure as graphite, but in an amorphous modification.[91] The metal nanoparticles 

are held onto the carbon black support via interaction with the carbonôs -́system.[136,137] On the other 

hand, functional groups can bind through their electron lone pairs to the metal nanoparticles.[39] Thus, 

the introduction of functional groups to the support materialôs surface can lead to a stronger, more 

localised interaction of the nanoparticles with their support. A simple method for the introduction of 

functional groups is the chemical oxidation discussed in section 6.1.1. The incorporation of amine 

and thiol functionalisations can be achieved through a condensation reaction of a diamine or dithiol 

with the carboxylic acid groups previously introduced through oxidation, which is explored in section 

6.1.2. 
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6.1.1. Oxidised Carbon Blacks 

The carbon black Vulcan XC72R from Cabot, that is used in this work as a starting material, was 

oxidised in a first step following a modified synthesis method based on the work of EGUIZABAL et 

al.[39] To achieve this, the carbon was stirred in a mixture of three parts concentrated sulphuric acid 

and one part concentrated nitric acid at room temperature for varying durations. Reference 

experiments utilising only nitric acid were additionally carried out. According to literature, the 

functional groups formed during this synthesis include a variety of oxide groups such as carboxylic 

acid, hydroxyl or lactone groups resulting from the unspecific oxidation reaction[92], as described in 

detail in chapter 4.2.2.2. 

Following the oxidation, the elemental composition was determined through organic elemental 

analysis. Figure 6.1 displays the elemental composition for Vulcan XC72R with oxidation times 

ranging from half an hour to two weeks using a 3:1 mixture of sulphuric acid and nitric acid. 

The elemental composition of the unfunctionalised Vulcan XC72R, primarily composed of carbon, 

also contained around 3 a% of hydrogen. The graphene layers of carbon blacks are often saturated 

with hydrogen, which can be explained due to the manufacturing process using hydrocarbons as 

source material.[92] Furthermore, the sample contains traces of oxygen and sulphur, which can be 

attributed as remnants of the manufacturing process as well.[9,92] 
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Fig. 6.1: Elemental composition of Vulcan XC72R, oxidised with a mixture of three parts concentrated sulphuric acid and 

one part concentrated nitric acid at room temperature for varying durations.  
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Even after short oxidation times, the atomic fraction of oxygen and hydrogen increases, which 

indicates the successful introduction of oxide groups. The oxygen and hydrogen contents 

progressively increase with oxidation time due to the ongoing oxidation process with a declining 

reaction rate as the reaction time proceeds, which aligns with the observations of VOET et al.[222] After 

half an hour of oxidation time, the sample contains around 8 a% oxygen and hydrogen and the content 

increases to ca. 20 a% oxygen and ca. 18 a% hydrogen after two weeks of oxidation. The traces of 

sulphur and nitrogen after oxidation can be attributed to the use of sulphuric acid and nitric acid, as 

well as remnant from the starting material in the case of sulphur. 

Several oxidation experiments were repeated to assess their reproducibility. Deviations in elemental 

composition around 1-3 a% were observed in each instance, with the most significant deviation noted 

in the four-hour oxidation experiments, where, one sample contained ca. 9 % hydrogen, while the 

other contained around 17 % hydrogen. This variability can be attributed to the inhomogeneous nature 

of the amorphous carbon material. Nevertheless, the general trend of increased oxygen and hydrogen 

fractions with increased oxidation times is still notable. 

A reference experiment was conducted using only concentrated nitric acid at room temperature as 

oxidant for varying oxidation times. The elemental composition of the oxidised carbons is displayed 

in figure 6.2. In contrast to the oxidation process using a mixture of nitric acid and sulphuric acid, the 

oxygen content of the oxidised carbon black only increased slightly to 2-3 a% and remained 

consistent throughout the two-week oxidation period, suggesting a less efficient oxidation process as 

also observed by CALVILLO  et al.[223] The hydrogen content on the other hand increased up to around 

9 a% after one day of oxidative treatment before continuously decreasing to ca. 4 a% after two weeks. 

While the oxidative treatment with a mixture of sulphuric acid and nitric acid resulted in roughly 

equal contents of hydrogen and oxygen, treatment with nitric acid alone led to a higher hydrogen-

oxygen-ratio with a maximum of 4.3:1 after one day of oxidation. This suggest that a different kind 

of oxidant results in the formation of different oxygen groups. Likewise, TORRES et al.[26] observed 

that the utilisation of HNO3 as oxidant resulted in the formation of both strong and mild oxide groups 

while H2O2 or O3 treatment produced predominantly mild oxide groups, as inferred from TPD 

experiments. 
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Fig. 6.2: Elemental composition of Vulcan XC72R, oxidised with concentrated nitric acid at room temperature for varying 

durations.  

To further investigate the functional groups formed during oxidation, FT-IR spectra were recorded. 

Figure 6.3 shows exemplary spectra of Vulcan XC72R in its unfunctionalised form and oxidised with 

nitric acid or with a mixture of sulphuric acid nitric acid, respectively. Additional spectra of the other 

oxidised samples are available in the appendix. 

It is generally noticeable that the intensity of the IR signals is relatively low, which can be explained 

by the strong IR absorption of carbon.[92] This may also contribute to the general slope observed in 

the IR spectra with decreasing intensity at higher wavenumbers, which is also found in IR spectra of 

carbon blacks in literature.[39,128] Moreover, mostly broad bands are observed, possibly arising from 

an overlap of bands at similar wavelengths. It is expected that a variety of oxide groups is formed 

during the oxidation process,[92] and the individual groups will experience a wide range of electronic 

environments stemming from the amorphous nature of the carbon black.[128,142] Therefore, the 

assignment of bands to functional groups is complex and not unambiguous. 
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Fig. 6.3: FT-IR spectra of Vulcan XC72R, Vulcan XC72R oxidised for four hours at room temperature using a mixture of 

three parts concentrated sulphuric acid and one part concentrated nitric acid, and Vulcan XC72R oxidised for four hours 

at room temperature using concentrated nitric acid. 

The unfunctionalized Vulcan XC72R exhibits one broad signal between 680 and 1230 cm-1 with a 

minimum at 910 cm-1. Two more broad signals between 1280-1590 cm-1 with a minimum at 

1520 cm-1 and between 1630-1900 cm-1 are weakly discernible. The carbon sample oxidised with 

only nitric acid shows the same IR signals with slightly higher intensity. Even higher intensities of 

the two bands between 680 and 1230 cm-1 and between 1280 and 1590 cm-1 can be detected from the 

sample oxidised with the acid mixture. And additionally, the latter sample displays a narrow signal 

at 1670 cm-1 that is missing in the other spectra. All samples using the same oxidation method, 

regardless of the oxidation time, exhibit the same signals. 

In the specified regions, numerous functional groups display signals. Since the elemental composition 

of Vulcan XC72R exhibited only trace amounts of oxygen, the IR signals likely originate from 

vibrations of the aromatic system, or by surface hydrogen. However, it cannot be discounted that 

trace oxygen surface groups are accountable for some signals in the IR spectrum of Vulcan XC72R. 

The first band between 680 and 1230 cm-1 can be explained by aromatic C-H deformation vibration 

both in-plane and out-of-plane.[224] In the second region, extending from 1280 to 1590 cm-1, C=C 

aromatic stretching[142,224] may occur, while  aromatic combination frequencies[224] could be attributed 

to the signals between 1630 and 1900 cm-1. It is plausible that these signals, deriving from carbon 

framework, can also be observed in oxidised carbon blacks. 
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Furthermore, the increase in intensity after oxidation may stem from the introduction of oxide groups 

that generate signals in these regions which mix with the underlying IR signals. The signals between 

680 and 1230 cm-1 may originate from phenolic C-OH stretching.[142,224] Also, carboxylic anhydrides, 

ethers, alcohols and carboxylic acids exhibit signals in that region.[142,224] In the region extending 

from 1280 to 1590 cm-1, O-H deformation vibrations[128,224] can occur. The narrow signal at 1670 cm-1 

can be attributed to some form of C=O stretching vibration originating from carboxylic acids, 

quinones, lactones or aldehydes.[128,142,224] Another interpretation for the signals displayed by the 

carbon oxidised with the acid mixture, are vibrations stemming from the carboxylate ion. The 

asymmetric and symmetric stretching vibrations display two signals between 1610-1550 and 1450-

1400 cm-1, respectively, and deformation vibrations around 700 cm-1.[224] This could explain the 

occurrence of the two signals, while the third signal is contributing to the broad band between 680 

and 1230 cm-1. 

Interestingly, in no spectrum, signals above 2000 cm-1 were recorded even though aromatic C-H, 

phenolic O-H, and COO-H stretching vibrations are expected to be present in the region between 

2500 and 3500 cm-1.[142,224] 

The lower intensity displayed by the carbon oxidised with only nitric acid and its spectrum missing 

the signal at 1670 cm-1 leads to the conclusion that the oxidation process is less successful compared 

to using a mixture of sulphuric and nitric acid. This observation aligns with the findings from organic 

elemental analysis, which revealed a smaller increase in oxygen content after the oxidation with only 

nitric acid. Moreover, the absence of the signal at 1670 cm-1 suggests that different oxide groups are 

formed with each oxidising agent. This assumption is supported by the differing ratios of oxygen and 

hydrogen content revealed by organic elemental analysis. 
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Fig. 6.4: Schematic illustration of the utilized titration procedure. 

The surface oxygen groups were further examined with emphasis on carboxylic acid groups. For this 

the neutralisation adsorption titration experiment established by BOEHM et al.[92] was employed as 

illustrated in figure 6.4. Briefly, the oxidised carbon black sample to be investigated was equilibrated 

with a surplus of an aqueous sodium hydrogen carbonate solution which, due to its low basicity (pKa 

= 6.35[225]), only neutralised the comparably strong acidic (pKa ~ 3.5-4.2[226]) carboxylic acid group. 

Subsequently, the unreacted NaHCO3 solution was separated from the oxidised carbon by 

centrifugation before adding a surplus amount of an aqueous HCl solution. Since the added HCl 

reacted with the unreacted NaHCO3 to form NaCl and H2CO3, the solution was heated to boiling to 

remove the carbolic acid in the form of carbon dioxide. Finally, the excess HCl was titrated with 

NaOH to determine the amount of carboxylic acid groups on the oxidised carbon black sample. 

Figure 6.5 shows the amount of detected carboxylic acid groups per sample weight. No COOH groups 

were detected on the unfunctionalised base material, which corresponds well with the results of the 

organic elemental analysis, where only trace amounts of oxygen were detected. After a short 

oxidation period with a mixture of sulphuric acid and nitric acid of only 30 minutes, the number of 

COOH groups increased to 0.94±0.06 mmol g-1. With increasing oxidation time, the number of 

carboxylic acid groups increased at a declining rate as the oxidation time proceeds, reaching 

3.1±0.2 mmol g-1 after seven days. 
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Fig. 6.5: Amount of carboxylic acid groups per weight detected by titration with sodium hydrogen carbonate. The samples 

include Vulcan XC2R prior to oxidation and after oxidation with a 3:1 mixture of concentrated sulphuric acid and nitric 

acid or with only concentrated nitric acid at room temperature for varying oxidation times. 

In contrast, on the sample oxidised with only nitric acid, only 0.12±0.05 mmol g-1 COOH groups were 

detected after four hours oxidation time, which is significantly less than the 1.6±0.3 mmol g-1 detected 

after four hours of oxidation with the acid mixture. These results align well with the differences 

detected in the organic elemental analysis and the IR spectra. The lower oxygen content (2.1 % vs. 

9.8 %), the higher hydrogen to oxygen ratio (3.5 vs. 1.2) and the missing IR band at 1670 cm-1, 

attributed to C=O stretching, indicate a less efficient oxidation and a difference in the type of oxide 

groups formed after oxidation with only nitric acid. 

Upon comparison of the oxygen content detected by organic elemental analysis with the amount of 

COOH groups per sample weight detected by titration, it is apparent that the entirety of the oxygen 

cannot be attributed to COOH groups. This aligns with literature,[92] where the formation of a variety 

of oxygen groups are to be expected. 
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Fig. 6.6: Fraction of oxygen content measured by organic elemental analysis that can be attributed to carboxylic acid 

groups detected by titration with sodium hydrogen carbonate. The samples comprise of Vulcan XC2R after oxidation at 

room temperature with a 3:1 mixture of concentrated sulphuric and nitric acid, or only nitric acid, for varying oxidation 

times. 

The fraction of oxygen content arising from carboxylic acid groups was calculated and is presented 

in figure 6.6. In agreement with the results presented before, after oxidation with sulphuric and nitric 

acid, the most significant increase is noticeable at the onset with a declining rate as the oxidation time 

proceeds. Starting with 28 % after 30 minutes of oxidation, the COOH fraction rises quickly to 38 % 

after 24 hours, before remaining relatively stable and only increasing by 3 % in the next 6 days of 

oxidation time. This suggests that the oxidation with sulphuric and nitric acid proceeds in multiple 

steps, where other initially formed oxide groups are transformed into carboxylic acid groups, before 

stagnating at a constant value. For example, primary alcohols can be oxidised to aldehydes, which 

can be further oxidised to carboxylic acid.[227,228] 

With the sole use of nitric acid as oxidant a COOH fraction of only 13 % was obtained. This confirms 

the assumption that other oxide groups prevail over carboxylic acid groups with this oxidation 

method. 
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Fig. 6.7: SEM images of Vulcan XC2R prior to oxidation and after oxidation with a 3:1 mixture of concentrated sulphuric 

acid and nitric acid at room temperature for varying oxidation times. 

The influence of the oxidation process on the morphology was investigated using scanning electron 

microscopy as depicted in figure 6.7. It is clearly observable that the fine structures, visible on the 

unfunctionalised Vulcan XC72R, are reduced after oxidation. The morphology appears to be coarser 

with increased oxidation time. Thus, it can be assumed that the oxidation process leads to some form 

of carbon corrosion.  

Since a coarser structure indicates a loss in specific surface area, nitrogen physical adsorption 

measurements were undertaken. Exemplary isotherms are shown in figure 6.8. They show the typical 

course of the classical type II isotherms of macro porous or non-porous substances as classified by 

IUPAC.[229] By comparison of the isotherms after different states of oxidation, it is noticeable that the 

volume of adsorbed gas decreased with increasing oxidation time indicating a loss in specific surface 

area. 
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Fig. 6.8: Isotherms of Vulcan XC2R prior to oxidation and after oxidation with a 3:1 mixture of concentrated sulphuric 

acid and nitric acid at room temperature for varying oxidation times. 

The calculated BET surface area is plotted against the oxidation time in figure 6.9. Similar to the 

increase of oxygen content determined by organic elemental analysis shown in figure 6.1, the most 

significant decrease in surface area occurs at the onset of the oxidation process with a declining rate 

as the oxidation time proceeds. The unfunctionalised Vulcan XC72R exhibits a BET surface area of 

265±2 m2 g-1. After only 0.5 hours of oxidation time, the BET surface area decreased by 30 % to 

186±2 m2 g-1 and after two weeks of oxidation, only 20 % of the initial BET surface area (54±4 m2 g-1) 

remained. The decrease in specific surface area due to oxidative acid treatment is well known in 

literature.[100,128,129,132,181,223] It can be explained by a decarboxylation process, where the oxidant 

further oxidises the surface oxide groups until carboxylic acid is oxidised to carbon dioxide and the 

carbon is gasified.[230,231] 

In contrast, the oxidation method using only nitric acid results first in a decrease of BET surface area 

by 22 % after four hours of oxidation before increasing again unsteadily. After 14 days of oxidation, 

the BET surface area was even slightly higher (269±5 m2 g-1) than the initial one. The smaller 

reduction of the surface area using nitric acid as oxidant, compared to using the acid mixture, confirms 

the assumption that this oxidant is less potent. The later increase in surface area throughout the course 

of oxidation may be attributed to the clearing of pore blockage.[232] 
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Fig. 6.9: BET surface area of Vulcan XC2R prior to oxidation and after oxidation with a 3:1 mixture of concentrated 

sulphuric acid and nitric acid or with only concentrated nitric acid at room temperature for varying oxidation times.  

The amount of surface COOH groups per area can be calculated using the respective results from the 

nitrogen physical adsorption and the titration experiments. In figure 6.10, the number of groups per 

square nanometre is depicted for the carbon blacks with varying oxidation times. The graph reveals 

that the density of the surface COOH groups increases with oxidation time using sulphuric and nitric 

acid as oxidant. After 30 minutes, the surface featured 3.1 groups Ā nm-2 and after 7 days, 

20.8 groups Ā nm-2 were present. For comparison, carbon black features around 38 carbon atoms per 

square nanometre on its top-side (graphene layer) and 20-28 carbon atoms on its side if distortions 

due to amorphousness are disregarded.* Here as well, the rate appears to be faster at the onset of the 

oxidation, before increasing with a constant rate after four hours of ca. 2.2 groups Ā nm-2 per day.  

 

 

 

 

 

 

 

*Calculated from a bond length of 0.14215 nm[107] and a bond angle of 120 ° in the graphite layers and an inter-layer 

distance of 0.344-0.395 nm.[91] 
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Fig. 6.10: COOH groups per surface area of Vulcan XC2R after oxidation with a 3:1 mixture of concentrated sulphuric 

acid and nitric acid or with only concentrated nitric acid at room temperature for varying oxidation times, calculated from 

titration experiments with sodium hydrogen carbonate and the respective BET surface areas. 

In conclusion, various surface oxide groups could be successfully introduced by oxidation of Vulcan 

XC72R with concentrated acids. The utilisation of a mixture of 3:1 sulphuric acid and nitric acid was 

markedly more efficient than nitric acid alone, as evidenced by the oxygen content detected by 

organic elemental analysis. Furthermore, the type of functional groups appears to differ with each 

oxidation method, as indicated by the different O/H-ratios detected by organic elemental analysis. 

Particularly, the amount of COOH groups is significantly higher after oxidation with the acid mixture. 

This was demonstrated through titration and is implied by the distinct IR-peak at 1670 cm-1, attributed 

to C=O stretching vibrations, which only appears after oxidation with the acid mixture. 

As a side effect, the oxidative treatment with sulphuric and nitric acid led to a decrease in BET surface 

area attributed to carbon gasification, which increased in severity as the oxidation time proceeded. 

The rate of oxidation and surface degradation was faster at shorter oxidation durations, slowing down 

as the oxidation time advanced. Furthermore, the data derived from titration suggests that initially 

other surface oxide groups are formed, which are subsequently converted into COOH groups, as 

indicated by the increase of the fraction of oxide groups that are carboxylic acid groups at short 

oxidation times below four hours. However, the density of COOH groups per carbon surface 

continued to increase even after prolonged oxidation periods of one week. Therefore, the optimal 

oxidation time must be found by compromising between the high specific surface area necessary for 
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the deposition of catalytic nanoparticles on the surface and the number of carboxylic acid groups that 

serve as an anchor for said particles or as starting point for a further functionalisation with amines, as 

described in the next section. Hence, this work focusses on oxidation times ranging from one to four 

hours as the BET surface area was still adequately high (164-238 m2 g-1) while a sufficient amount of 

carboxylic acid groups (1.5-1.7 mmol g-1 and 4.3-5.4 nm-2) was formed. 

6.1.2. Amine and Thiol Functionalisation 

As described in the previous chapter, the oxidation of the carbon black Vulcan XC72R from Cabot 

with a mixture of sulphuric and nitric acid led to the introduction of various oxide groups on the 

carbon surface. Amongst other, COOH groups were formed, as detected by titration. For the 

introduction of amine groups to the carbon surface, diamines were employed to form amide bonds 

with the COOH groups, leaving one free amine group to interact with the catalytic metal 

nanoparticles. 

The synthesis were conducted using either a modified direct synthesis method according to 

EGUIZABAL  et al.[39], or a modified two-step synthesis method according to KUO et. al[37]. Both 

reaction routes are displayed schematically in figure 6.11. During the direct amine functionalisation, 

the oxidised carbon black was dispersed in the liquid diamine and heated to 100 °C for two days. 

During the two-step synthesis, the oxidised carbon was first treated with thionyl chloride for one day 

at 65 °C before the excess thionyl chloride was removed by distillation. Subsequently, the diamine 

was added, and the mixture was heated to 100 °C for two days as well. Both reaction ways led to the 

formation of an amide linkage. 

 

Fig. 6.11: Schematic representation of the employed synthesis routes for the amine functionalisation. a) Direct synthesis 

route. b) Two-step synthesis route with acyl chloride intermediate. 

Figure 6.12 shows the elemental composition of three different oxidised carbon blacks after the direct 

amine functionalisation with ethylenediamine or triethylenetetramine. The data shows that the 

nitrogen contents increased to ca. 3 a% after the amine treatment, suggesting the successful 

introduction of amine groups. Furthermore, the amine functionalisation leads to a decreased oxygen 
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content, which can be explained by the oxygen-containing leaving group. The increase of hydrogen 

content after the amine functionalisation can be attributed to the hydrogen atoms present in the 

diamine molecule. 
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Fig. 6.12: Elemental composition of Vulcan XC72R, oxidised for 1, 2 or 4 hours and the same materials after a direct 

amine functionalisation with either ethylenediamine or triethylenetetramine. 

The number of diamine molecules that were introduced to the carbon surface can be calculated from 

the elemental composition. In figure 6.13, this number is compared to the amount of COOH group, 

detected by titration, from the respective oxidised carbon starting material. The comparison shows 

that the direct functionalisation with ethylenediamine proceeded with a very high conversion rate of 

ca. 84 to 95 %. On the other hand, the functionalisation with triethylenetetramine was much less 

successful with approximately only half the number of functional groups introduced. This leads to 

the hypothesis that the longer triethylenetetramine molecule was bound to the COOH groups through 

both terminal primary amine groups, resulting in a bridged functionalisation. In this case, mainly 

secondary amine groups would be available as anchor groups for catalytic nanoparticles. 
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Fig. 6.13: Number of COOH groups detected by titration of Vulcan XC72R, oxidised for 1, 2 or 4 hours. Compared to 

the number of ethylenediamine or triethylenetetramine groups, detected by elemental analysis, introduced to the 

respective oxidised carbons. 

Although the amine content detected by organic elemental analysis clearly suggests a successful 

amide linkage, the efficacy of the direct amide linkage route remains a subject of contention in the 

literature.[38,166ï168] Alternatively to the amide linkage, an ammonium carboxylate zwitterion may be 

formed, which would also account for the increase in nitrogen content. To further investigate whether 

the amide or the zwitterion was formed, reference experiments were conducted using an 

ethylenediamine-functionalised carbon sample. 

Since it is presumed that treatment with HCl would lead to the cleavage of the ammonium carboxylate 

ions, in one experiment, the ethylenediamine-functionalised carbon was treated with 1 M HCl at room 

temperature for four hours. For the hydrolysis of amides, it is necessary to boil the amide for several 

hours in concentrated aqueous acids or bases, with bases typically exhibiting greater efficacy.[227,230] 

Therefore, the ethylenediamine-functionalised carbon was also refluxed in 2 M KOH for four hours. 

Additionally, one experiment was carried out in water at 100 °C for four hours. All treated samples 

were subsequently washed vigorously with four centrifugation steps and the nitrogen content was 

determined using organic elemental analysis as displayed in figure 6.14. 
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Fig. 6.14: Nitrogen content of Vulcan XC72R, oxidised for two hours and functionalised with ethylenediamine. Before 

and after amide hydrolysis experiments using 1 M HCl at room temperature, 2 M KOH at 100 °C or water at 100 °C. 

Figure 6.14 shows a modest decrease of 13 % in nitrogen content following treatment with 1 M HCl 

at room temperature or with water at 100 °C. In contrast, the reduction in nitrogen content is 

significantly greater with 34 %, after treatment with 2 M KOH at 100 °C.  

The observation that a slight reduction in nitrogen content occurred under mild treatment conditions 

suggests that a small amount of diamine may indeed be bound ionically. However, it appears that the 

majority of diamine is bound more strongly, implying an amide bond. Although the harsh treatment 

with KOH could hydrolyse a fraction of the amide linkages, the duration of refluxing for four hours 

in 2 M KOH seems insufficient to reach a full hydrolysis. Consequently, it may be concluded that a 

strong amide bond was successfully formed which is also expected to remain stable under fuel cell 

conditions.  

One explanation for the successful formation of the amide bond could be the employment of a 

significant excess of diamine by using the diamine as solvent. The amide linkage was carried out for 

two days at 100 °C. It is believed that the elevated temperature facilitates the amide bond formation 

as well. For comparison, experiments were also conducted at room temperature over a duration of 

seven days. The elemental composition of samples subjected to different temperatures is depicted in 

figure 6.15. 
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Fig. 6.15: Elemental composition of Vulcan XC72R, oxidised for 7 days and treated directly with ethylenediamine or 

triethylenetetramine for either 2 days at 100 °C or 7 days at room temperature. 

The elemental composition in figure 6.15 reveals that the lower reaction temperature results in a 

slightly lower nitrogen content compared to the reaction at 100 °C. The longer reaction time, on the 

other hand appears to facilitate a sufficiently high amine conversion.  

The usual synthesis route for the formation of an amide bond includes an intermediate step involving 

the conversion of the carboxylic acid group to the acyl chloride or the methyl ester.[227,230,233] For 

comparison, additional experiments employing the acyl chloride intermediate step were carried out. 

In figure 6.16, the elemental compositions of these samples are compared to samples using the direct 

synthesis route. It can be inferred from the graph that the two-step synthesis route led to a 30 % higher 

nitrogen content for ethylenediamine and a 17 % higher nitrogen content for triethylenetetramine, 

suggesting a more successful amine conversion. The lower increase of nitrogen for 

triethylenetetramine, compared to ethylenediamine can be explained by the binding of both terminal 

amine groups. 

On the other hand, the amine functionalisation with thionyl chloride also entails an increase in sulphur 

content from 0-0.25 % to 0.49-0.59 % which can be attributed to residual thionyl chloride. Minor as 

it is this sulphur content increase could yet lead to a decrease in catalytic performance. 

Electrochemical tests were conducted and are discussed in chapter 6.2.3. 
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Fig. 6.16: Elemental composition of Vulcan XC72R, oxidised for 7 days and treated with ethylenediamine or 

triethylenetetramine either directly for 2 days at 100 °C or using the two-step method with acyl chloride intermediate step. 

In addition to ethylenediamine and triethylenetetramine, functionalisations with phenylenediamine 

and butanedithiol were carried out. Figure 6.17 shows the elemental composition of 

phenylenediamine-functionalised carbon black of three different synthesis routes and the elemental 

composition of butanedithiol-functionalised carbon black using the two-step synthesis route. 

Given that phenylenediamine is solid at 120 °C, the synthesis was conducted either in toluene as 

solvent or by heating the phenylenediamine to 170 °C and employing it in its molten from. Both 

approaches were tested using acyl chloride as intermediate step and the synthesis in toluene was 

conducted using the direct synthesis route as well. Both approaches presented distinct challenges. 

While the molten state was hard to maintain for two days using standard equipment, 

p-phenylenediamine oxidised immediately in most solvents, indicated by the occurrence of a deep 

red colour. Toluene did not facilitate the oxidation of p-phenylenediamine. However, the solubility 

of p-phenylenediamine in toluene was notably low, and tolueneôs relatively low boiling point was 

suboptimal for this synthesis. As discernible in figure 6.17, the approach using toluene as solvent led 

to lower nitrogen contents of around 2.5 a%, while the synthesis in molten phenylenediamine reached 

a nitrogen content comparable to those obtained with ethylenediamine or triethylenetetramine with 

4.5 a%. This indicates that the approach using molten phenylenediamine was the most successful, 

whereas the synthesis in toluene only led to a low conversion rate. 
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In addition to diamines, one test was conducted using the dithiol butanedithiol. The synthesis was 

conducted using the two-step method analogous to the diamine-functionalisation. Additionally, a 

catalytic amount of pyridine was added as it is believed to increase the conversion rate.[234] Figure 

6.17 reveals an increase in sulphur content of ca. 1.5 a%, which is very low compared to all 

functionalisations using diamines. It can be concluded that the formation of the thioester was 

successful, albeit with a low conversion yield. 
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Fig. 6.17: Elemental composition of Vulcan XC72R, oxidised for 7 days and treated with phenylenediamine or 

butanedithiol using different synthesis conditions. 

The functionalised carbon blacks were further investigated in respect to their functional group using 

infrared spectroscopy. Figure 6.18 displays the FT-IR spectra of Vulcan XC72R after oxidation and 

after functionalisation with ethylenediamine, triethylenetetramine, p-phenylenediamine, or 

butanedithiol. 

As already described in section 6.1.1, the IR spectra display signals with relative low intensity, 

explained by the strong IR absorption of carbon,[92] and a general slope with decreasing intensity at 

higher wavenumbers also found in literature.[39,128] Furthermore, due to the complexity of the 

amorphous carbon carrying various functional groups on its surface, mostly broad bands are 

displayed, possibly when signals of functional groups that experience a wide range of electronic 

environments overlap.[128,142] 

After the oxidation using a mixture of nitric acid and sulphuric acid, two distinct peaks at 1670 and 

between 1280-1590 cm-1 appeared. The signal at 1670 cm-1 likely stems from some form of C=O 
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stretching vibration originating from carboxylic acids, quinones, lactones or aldehydes[128,142,224] or 

from asymmetric carboxylate ion stretching vibrations.[224] The signal at 1280-1590 cm-1 can be 

allocated to O-H deformation vibrations,[128,224] or symmetric carboxylate ion stretching 

vibrations.[224] The IR spectrum of the oxidised carbon furthermore displays a broad band between 

680 and 1230 cm-1 which is also present in the unfunctionalised carbon and can mostly be attributed 

to aromatic C-H deformation vibrations.[224] 

After the amine or thiol functionalisations, the broad band at 680 and 1230 cm-1 is still present in all 

samples. Furthermore, all samples exhibit signals between 1280-1590 cm-1, but with slightly different 

minima. 

The sample functionalised with ethylenediamine displays only one signal with its minimum around 

1510 cm-1, which can be allocated to N-H deformation vibrations of the amide bond or the primary 

amine group.[224] The disappearance of the signal at 1670 cm-1 suggests that the amide linkage 

interferes the stretching vibrations of the carboxylic acid group. 

After the functionalisation with triethylenetetramine, the N-H deformation signal at 1500 cm-1 occurs, 

as well as a weaker signal at 1640 cm-1. Since triethylenetetramine contains also secondary amine 

groups, the latter signal may be allocated to their deformation vibrations.[224] 

The phenylenediamine-functionalised carbon black shows a higher number of distinct IR signals at 

1590, 1510, 1427, 1234, 879 and 821 cm-1. The signal at 1510 cm-1 can again be interpreted as N-H 

deformation vibrations of the amide bond or the primary amine group.[224] The other signals may be 

explained by vibrations of the aromatic ring of phenylenediamine. Aromatic rings display skeletal 

vibrations around 1450-1525 and 1575-1625 cm-1,[224] combination frequencies at 1650-

2000 cm-1,[224] and in-plane C-H deformation vibrations at 950-1250 cm-1.[224] 

In the IR spectrum of the carbon functionalised with butanedithiol, the two bands of the oxidised 

carbon black at 1670 and 1280-1590 cm-1 (minimum at 1555 cm-1) are still present. Given the low 

conversion rate of the thioester formation detected by elemental analysis, it can be concluded that 

these signals originate from the unreacted carboxylic acid groups. Two weakly distinctive signals at 

1097 and 1220 cm-1 can be attributed to CH2 deformation vibrations of butanedithiol while the C-S 

stretching vibrations that are expected between 800 and 915 cm-1 likely contribute to the broad IR 

band between 680 and 1230 cm-1. 

Reference spectra[235] of the pure diamines and butanedithiol can be found in the appendix. Contrary 

to expectations, the strong IR absorption bands of the reference spectra do not correspond to the 

signals detected from the functionalised carbons. This can be explained with the different chemical 
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environments of the functionalisations attached to the amorphous, oxidised carbon compared to the 

pure substances. Nevertheless, the differences in the IR spectra of the differently functionalised 

samples can be taken as an indication for the successful introduction of functional groups to the 

carbon surface. Furthermore, all samples functionalised in a similar manner display similar IR signals 

as well, as can be seen in the IR spectra of all amine-functionalised samples in the appendix. One 

exception are the three samples functionalised with phenylenediamine. Here, the two samples 

functionalised using toluene as solvent display an additional peak around 1700 cm-1 that can be 

interpreted as the C=O stretching vibrations stemming from unreacted carboxylic acid groups. This 

aligns well with the observations from the IR spectrum of butanedithiol-functionalised carbon, which, 

similar to the carbon functionalised with phenylenediamine in toluene, suffered from a low 

conversion rate according to elemental analysis. 
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Fig. 6.18: FT-IR spectra of Vulcan XC72R, Vulcan XC72R oxidised for four hours and Vulcan XC72R treated with a 

diamine or dithiol after oxidation. 

To investigate whether the carbon surface is altered due to the amine-functionalisation, the BET 

surface areas of ethylenediamine and triethylenetetramine-functionalised carbons were measured. As 

revealed in figure 6.19, the functionalisation led to a significant decrease of the BET surface area in 

most cases. The decrease was more severe after treatment with triethylenetetramine (36-40 %) 

compared to ethylenediamine (3-29 %).  
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The decrease of the surface area following the oxidation in the first reaction step was attributed to the 

oxidative gasification[230,231] of the carbon substrate. The decrease of the surface area after the diamine 

treatment is unlikely due to the same reason. Another explanation for a decrease of surface area is the 

blockage of micropores,[131ï133] which could be applicable in this context with the larger 

triethylenetetramine molecule being accountable for a more severe decrease. 
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Fig. 6.19: BET surface area of Vulcan XC72R, oxidised for 1, 2 or 4 hours and the same materials after a direct amine 

functionalisation with either ethylenediamine or triethylenetetramine. 

Overall, all approaches were successful in introducing amines as functional groups as revealed by the 

increase in nitrogen content according to organic elemental analysis and the differences in the IR 

spectra of differently functionalised carbons. It was shown that some functionalisation approaches 

were more successful than others. Generally, two reaction approaches of either a direct synthesis 

route or the two-step route with an acyl chloride intermediate step, were utilised. 

In regard to the functionalisation with ethylenediamine or triethylenetetramine, the two-step route led 

to a higher increase in nitrogen content, but also to a slight increase in sulphur content, attributed to 

residual thionyl chloride. When employing the direct functionalisation route, it was demonstrated that 

an increase in reaction temperature was slightly more favourable than a long reaction time. Given that 

the number of triethylenetetramine molecules that were introduced to the surface was roughly half 

the amount of ethylenediamine molecules, it is plausible that the triethylenetetramine formed an 

amide linkage with both terminal amine groups, whereas the ethylenediamine only formed one amide 

linkage. Furthermore, an amide cleavage test revealed that predominantly amide bonds were formed 

in contrast to a low amount of ionic bonds. 
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For the functionalisation with phenylenediamine, the synthesis was more successful when conducted 

in a phenylenediamine melt rather than using toluene as the solvent. 

One synthesis was conducted using butanedithiol for the formation of a thioester. However, the 

elemental composition indicated that it was considerably less successful than the amine 

functionalisations. 

Finally, nitrogen physical adsorption experiments revealed a decrease of the BET surface area after 

direct functionalisations with ethylenediamine and triethylenetetramine, which may be due to pore 

blocking. 

Altogether, it was possible to successfully introduce amines as functional groups to the carbon black 

surface. However, the most significant aspect is their impact on electrocatalytic activity and 

electrochemical long-term stability. Therefore, the following chapters focus on the deposition of 

catalytic nanoparticles onto the functionalised surfaces and their subsequent electrochemical 

characterisation. 
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6.2. Synthesis and Investigation of Nanoparticle-Support Catalysts 

The surface-modified carbon blacks described in section 6.1 were employed as support materials for 

catalytic platinum and platinum-nickel alloy nanoparticles to form nanoparticle-support composite 

catalysts. The nanoparticles were deposited onto the differently functionalised support materials using 

a precipitative approach, as elaborated in section 6.2.1. The catalytic activity of the synthesised 

catalysts was assessed employing catalyst thin-films on a glassy carbon working electrode in 

electrochemical half -cell measurements. Due to the considerable impact of the thin-film quality on 

the measured catalytic activity, the fabrication of the catalyst ink dispersion and its coating on the 

working electrode was investigated in section 6.2.2. In section 6.2.3, the influence of the 

functionalisation on the catalystôs electrochemical activity and stability was evaluated using 

cyclovoltammetric measurement results. 

6.2.1. Catalyst Synthesis 

The objective of the support material is to optimise the catalytic performance by increasing the 

available catalytic active surface area of the heterogenic catalyst. This can be achieved through an 

effective distribution of the catalytic nanoparticles on the support material. 

In this work, catalytic nanoparticles and functionalised support materials were synthesised separately, 

followed by the deposition of the nanoparticles onto the surface of the support material. The employed 

nanoparticles comprised mainly of platinum-nickel alloy nanoparticles and reference experiments 

were conducted using platinum nanoparticles. Both nanoparticle types were synthesised using a 

colloidal approach established by K. AHRENSTORF
[236] using a ligand mixture of oleylamine and oleic 

acid. The synthesis of the platinum-nickel nanoparticles was conducted in a continuous flow reactor 

by S. WODERICH
[237] while the platinum nanoparticles were synthesised using a batch approach. 

Figure 6.20 shows TEM images of both particle types employed in this study. The platinum-nickel 

nanoparticles consisted of spherical nanoparticles with a diameter of 3.4±0.5 nm. The ratio of Pt to 

Ni was determined by elemental analysis to be 84 m% Pt and 16 m% Ni. The diameter of the pure 

platinum nanoparticles was somewhat smaller with 2.9±0.7 nm. Compared to the PtNi nanoparticles, 

their size distribution was also broader, and their shape was slightly irregular. 
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Fig. 6.20: TEM images of a) 3.4±0.5 nm PtNi nanoparticles and b) 2.9±0.7 nm Pt nanoparticles employed in this study. 

The particles were deposited onto the support material following a precipitative approach which is 

schematically shown in figure 6.21. Briefly, the support material and the nanoparticles were dispersed 

and mixed well in a suitable dispersing agent using ultrasonication and stirring. Subsequently, a 

suitable precipitating agent was added slowly while continuously stirring which was continued for 

two days. Due to the continuous stirring, the unstable nanoparticles are believed unable to precipitate 

to the bottom of the container and deposited onto the surface of the support material forming the 

nanoparticle-support-composition catalyst. The catalyst was separated from the dispersing and 

precipitating agents by centrifugation. After drying, the catalyst was dispersed in a mixture of 

isopropanol, water and Nafion to form the catalyst ink. 

 

Fig. 6.21: Schematic overview over the catalyst synthesis process including the deposition of catalytic nanoparticles onto 

the support material. 

The key aspect for following the precipitation method for catalyst synthesis is an appropriate choice 

of both dispersing agent and precipitating agent. This becomes apparent when examining the TEM 

images of catalysts with different support materials shown in figure 6.22. In TEM image a and b, 
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toluene was utilised as dispersing agent and ethanol as precipitating agent. While this approach leads 

to well dispersed particles for the unfunctionalised Vulcan XC72R support material shown in TEM 

image a, nanoparticle clusters form when employing the same method for oxidised carbon black as 

support material as seen in TEM image b. TEM Image c shows a catalyst with oxidised carbon black 

as support material, synthesised with acetone as precipitating agent instead of ethanol. Here, the 

distribution of the particles improved compared to TEM image b. 

Fig. 6.22: TEM images of PtNi-nanoparticle-support-composition catalysts synthesised using the precipitation method 

with toluene as dispersing agent and ethanol (a, b), or acetone (c) as precipitating agents. The support materials employed 

were Vulcan XC72R (a) or oxidised Vulcan XC72R (b, c). 

One important factor to consider in regard of dispersion and precipitation is polarity. Vulcan XC72R 

is hydrophobic[98] while its oxidation greatly enhances its hydrophilicity.[92,98] Accordingly, it was 

observed that Vulcan XC72R could be easily dispersed in the nonpolar toluene, whereas the oxidised 

carbon black did not disperse as effectively. Therefore, the dispersant was changed to THF, as it is 

more polar than toluene[238] while still being nonpolar enough to disperse the hydrophobic PtNi-

nanoparticles well. The catalyst synthesis using THF as dispersing agent was investigating using 

methanol, ethanol and isopropanol as precipitating agent, as illustrated in figure 6.23. The TEM 

images clearly illustrate the trend that particle distribution improves with a decreasing polarity of the 

precipitating agent. The effect is especially pronounced on the oxidised carbon substrate compared 

to the unfunctionalised one. This indicates that a slower precipitation process is essential for achieving 

a uniform particle distribution. It also emphasises the importance of a slow addition of the 

precipitating agent to the dispersed nanoparticle-support mixture, as a rapid addition would lead to a 

sudden increase of the precipitating agentôs concentration at the surface of the mixture.  

Consequently, it was found that the best combination for both oxidised and unoxidized carbon 

supports is THF as dispersing agent and isopropanol as precipitating agent since it leads to a good 

nanoparticle distribution. However, it should be noted that the inhomogeneous character of the 

support material and a potentially inhomogeneous surface functionalisation may lead to deviations 

a)                                              b)                                                                  c) 

Toluene / Ethanol                      Toluene / Ethanol                               Toluene / Acetone  

Vulcan XC72R                                             Oxidised                                                     Oxidised 
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from the optimal particle distribution. Furthermore, the two-dimensional display of the three-

dimensional catalyst in TEM images may create the impression of a closer proximity of the 

nanoparticles on the side of a carbon flake compared to the top side. 

 

Fig. 6.23: TEM images of PtNi-nanoparticle-support-composition catalysts synthesised using the precipitation method 

with THF as dispersing agent and methanol (a, d), ethanol (b, e), or isopropanol (c, f) as precipitating agents. The support 

materials employed were Vulcan XC72R (a-c) or 7 d oxidised Vulcan XC72R (d-f). 

 

In summary, the catalyst synthesis utilising the precipitation method was tailored to cater to polar 

substrates, as well as nonpolar ones. It was found, that THF as dispersing agent and isopropanol as 

precipitating agent led to a good particle distribution for oleylamine/oleic acid-stabilised PtNi 

nanoparticles on all tested substrates. It is hypothesised that the two primary factors contributing to 

the formation of nanoparticle clusters on the support material are inadequate dispersion of the 

nanoparticles and support material, as well as a too fast precipitation. 

6.2.2. Investigation of Catalyst Thin-Films on Working Electrodes 

A suitable method to determine the electrocatalytic activity of novel fuel cell catalysts is the 

employment of electrochemical half-cell measurements. Nanoparticle-support-composition materials 

can be conveniently screened using smooth disc electrodes in a three-electrode set-up. To achieve 

this, a thin layer of catalyst ink is applied to the disc electrode tip to serve as the working electrode. 
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This method offers the advantage of short screening times and only small amounts of catalyst are 

required.[186] 

The method of thin-film disc electrode half-cell measurements is highly sensitive, particularly as only 

small quantities of the catalyst are employed. A critical factor influencing the measured activity is the 

morphology of the catalyst thin-film on the disc electrode. Thicker catalyst films can increase mass-

transport resistance, which may lower the potentially measurable catalytic activity, with CV 

measurements generally being less influenceable by bad films than ORR measurements.[186] 

Naturally, unevenly distributed catalyst films are also prone to decrease the reproducibility of the 

measurements.[197] 

The first step to achieve a thin, homogeneous catalyst layer involves the homogeneous dispersion of 

the catalyst in a suitable suspension agent to form the catalyst ink. Alcohol-water mixtures are 

typically employed, whereby the mixture has to be tailored to suit the respective type of catalyst.[186] 

Small additions of Nafion to the mixture can help to improve the homogeneity of the catalyst ink,[239] 

and can also be helpful for the catalystôs adhesion to the working electrode and film quality on the 

working electrode, while on the other hand impeding electrochemical activity.[201] The suspending 

agents used in this work consisted of 0-20 w% isopropanol, 0-0.1 w% Nafion and ultrapure water. 

During the dispersion, it is essential to break apart the flakes that agglomerated during centrifugation 

to ensure an optimal performance in the half-cell electrochemical measurements. For the 

measurements, a small amount of the catalyst ink is applied to a glassy carbon working electrode and 

dried. The presence of large agglomerates is presumed to lower the specific catalytic activity since 

enclosed particles may not contribute to the catalytic reaction, and the diffusion path to reach those 

particles is longer. Therefore, the catalyst morphology was investigated using SEM images, as shown 

in figure 6.24, to study the effect of a prolonged ultrasonic treatment. 
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Fig. 6.24: SEM images of catalyst ink (PtNi on 2 d oxidised carbon black, dispersed in 10 v% isopropanol, 0.02 v% 

Nafion and ultrapure water) ultrasonicated for a) 0 hours, b) 1 hour, c) 6 hours, d) 12 hours. 

The SEM images in figure 6.24 reveal that prior to ultrasonication, large aggregates are present. With 

prolonged ultrasonication duration, the aggregates were still present, albeit with smaller diameter and 

number. Only after 12 hours of ultrasonication, a homogeneous ink was obtained with only smaller 

aggregates visible. 

This emphasises the importance of a thorough mixing of the catalyst ink through ultrasonication. 

Empirical findings further demonstrate that regular agitation of the catalyst ink amid ultrasonication 

facilitates a homogeneous suspension. As a rule of thumb, a catalyst ink was deemed ready for 

application on the working electrode, when no precipitate was visible upon inversion of the catalyst 

ink sample flask. The catalyst preparation included at least ten hours of ultrasonication prior to the 

first application to the working electrode, with an additional ultrasonication period of at least 30 

minutes conducted before subsequent applications following storage. Since a prolonged use of an 

ultrasonic bath can entail elevated temperatures up to 65 °C, a cooled ultrasonic bath was employed 

at 15 °C to avoid catalyst degradation. 

Subsequently, the standard procedure to obtain a catalyst thin-film on the disc electrode is to apply a 

drop of the catalyst ink onto the electrode and allow it to dry. The attainment of uniform thin-films 

using this method is not trivial and entails a number of challenges. Firstly, a homogeneous catalyst 

ink suspension with a sufficiently low concentration is essential to achieve a uniform thin-film. 

Another challenge arises with the drying of the catalyst ink drop. As described in detail in section 

4.3.4.1, a ring-shaped deposition (coffee-ring) is formed in most cases after drying a drop of a 

200 nm   
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suspension on a surface. This phenomenon is also frequently observable during the drying process of 

a catalyst ink on a disc electrode. 

Therefore, extensive studies have been conducted regarding the manufacturing of catalyst thin-

films.[[197] Figure 6.25 illustrates three different drying approaches that were employed in this work. 

 

Fig. 6.25: Schematic overview over different drying techniques for catalyst thin films on the working electrode. a) 

Stationary drying technique. b) Rotating drying technique. c) Flow-restricted drying technique.  

The first approach is a simple stationary drying technique without use of any special measures. As 

demonstrated in the SEM images in figure 6.26, this method usually leads to the formation of coffee-

rings. According to DEEGAN et al.[203,207,208], this phenomenon occurs when the dropôs contact line is 

pinned. Hence, to retain the dropôs equilibrium shape that is dictated by surface tension, the 

evaporation rate is increased at the edge which results in an outward flow that carries the suspended 

particles to the edge.  

 

Fig. 6.26: SEM images of catalyst ink  (PtNi on 4h oxidised carbon black) dried on a glassy carbon electrode using the 

stationary drying technique. a) Dried at room temperature. (40 v% isopropanol, 0.05 v% Nafion, and ultrapure water). b) 

Dried at 40 °C. (0.05 v% Nafion in ultrapure water). 

The second, rotating drying technique was develeoped by GARSANY et al.[197], where the disc 

electrode encased in a Teflon holder is rotated during the drying of the catalyst drop. The group 
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observed the formation of more uniform thin-films resulting in better electochemical performances 

using this method with their catylst inks.  

Figure 6.27 displays SEM images of glassy carbon electrodes coated with a catalyst ink employing 

the rotationary drying technique at two different rotation speeds. Despite the positive results obtained 

by GARSANY et al., the application of these findings to the catalyst inks employed in this work, 

resulted in the formation of coffee-rings of variable severity. Furthermore, a low reproducibility 

concerning the film quality when employing this drying technique, was observed. 

 

Fig. 6.27: SEM images of catalyst ink (PtNi on 4 h oxidised carbon black, dispersed in 10 v% isopropanol, 0.05 v% 

Nafion and ultrapure water) dried on a glassy carbon electrode using the rotating drying technique at room temperature. 

Dried at a) 700 rpm. b) 950 rpm. 

The third approach utilises a restriction in airflow during drying, inspired by experiments conducted 

by DEEGAN et al.[207] Here, an aliquot of the catalyst ink was positioned on the glassy carbon 

electrode, encased in a Teflon holder and the electrode holder was placed in a container that was 

closed, save for a cannula that was placed over the dropôs tip. In principle, the evaporation rate at the 

dropôs tip is increased due to the hole over the dropôs tip counterbalancing the radial outward flow 

induced by the increased evaporation at the dropôs edge. 

In order to find the optimal conditions while employing this drying technique for the synthesised inks, 

systematic experiments were conducted using design of experiment (DoE). The investigated 

parameters and ranges were deemed as relevant according to preliminary tests. The composition of 

the ink was varied with fractions of isopropanol ranging from 0 to 40 v% and with Nafion fractions 

of 0-0.1 v%. Furthermore, in the drying setup, depicted in figure 6.25c, the inner diameter of the 

cannula was varied between 0.4 and 0.8 mm and the size of the container was varied resulting in air 

volumes over the drying drop varying from 0.64 to 7.41 mL. The combinations of parameter values 

were predetermined by the DoE software Cornerstone using a D-optimal design as listed in table 8.2 
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and the maximal ECSA value of each measurement was employed as the response for the evaluation 

by the DoE software. A residual probability plot was employed to obtain a linear regression model. 

For this, an untransformed fitting function was selected and parameters with a significance over 0.1 

were considered not relevant and removed from the model. The calculated regression coefficients are 

listed in table 6.1 with the statistical metrics of each parameter. 

Tab. 6.1: Regression coefficients of the linear regression model with statistical metrics calculated by the Cornerstone 

DoE software. 

Parameter Coefficient 

Standard 

Error  T-Value Significance 

Variance 

Inflation Factor  

Constant 18.9 8.02 2.36 0.0335 0 

Cannula Diameter / mm 28.2 12.5 2.256 0.0403 1.72 

Drying Volume / mL 2.77 1.48 1.86 0.0817 3.44 

Fraction Nafion / v% 265 110 2.40 0.0308 3.26 

(Fraction Nafion)2 / (v%)2 -3020 1090 -2.78 0.0148 3.26 

Cannula Diameter Ā Drying Volume 

/ mm Ā mL 

-5.08 2.40 -2.11 0.0530 3.64 

R2 

Adjusted 

R2 

Root Mean 

Square Error Pure Error  

Residual Degrees 

of Freedom 

0.511 0.337 5.814 6.377 14 

 

According to the linear regression model, the inkôs isopropanol content was regarded as insignificant 

in relation to ECSA values. Therefore, it was not considered in this model. Since the surface tension 

of inks with lower alcohol contents led to drop diameters (10 µL) lower than the glassy carbon 

electrode diameter, leading to an incomplete electrode coverage, a 40 % isopropanol fraction was 

adopted as standard. 

When plotting the modelôs predicted ECSA values against the Nafion content and the drying volume 

at a constant cannula diameter or against the Nafion content and the cannula diameter at constant a 

drying volume, it can be observed that the predicted ECSA has a parabolic shape depending on the 

Nafion content. As seen in figure 6.28a and in the appendix in figures 10.9 and 10.10, the parabola 

has its maximum between 0.04 and 0.05 v% within the investigated range. On this basis, a Nafion 

content of 0.05 v% was used in further investigations. 
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Fig. 6.28: Predicted ECSA (black) and upper and lower confidence intervals with 95 % significance (blue) of the linear 

regression model calculated by the Cornerstone DoE software. a) Constant cannula diameter of 0.76 %. b) Constant 

Nafion fraction of 0.05 v%. 

Figure 6.28b shows the predicted ECSA as a function of cannula diameter and drying volume at a 

constant Nafion content of 0.05 v%. It can be inferred from the graph that both the combinations of a 

small drying volume with a wide cannula diameter and a large drying volume with a narrow cannula 

diameter are the most beneficial for high ECSA values. 

However, the plot shows no local maximum, so it is not discernible to which extent the parameters 

can be changed in the directions of the global maxima to still exert a beneficial effect. It is anticipated 

that physical limitations of the cannula diameter and drying volume will impose restrictions at a 

certain point. For example, drying volumes below ca. 0.64 mL have been found to be practically 

unfeasible. 

Furthermore, the regression model demonstrates only a moderate reliability as seen in moderate 

values of the statistical metrics listed in table 6.1. One factor contributing to this lies in the high 

sensitivity of the electroanalytical approach using half-cell measurements on disc electrodes. Only 

low sample quantities in the microgram range are utilized, which renders this method sensitive to 

slight variabilities. Consequently, a higher number of repeated experiments are necessary to obtain a 

more robust model. Another contributing factor is the variance in film morphology observed under 

identical drying conditions. This phenomenon was particularly probable when the ink composition 

contained amounts of isopropanol lower than 40 v%. Here, it was frequently observed that the edge 

of the catalyst film was irregular and often frayed, as demonstrated in figure 6.29c and d for a catalyst 

ink containing 20 v% isopropanol. Nevertheless, this model still provides some valuable insight 

regarding the general trends of drying conditions.  

a)                                                                               b) 
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Figure 6.29 shows SEM images of glassy carbon electrodes coated with catalyst inks after employing 

the flow-restricted drying technique with the more beneficial parameters according to the linear 

regression model. SEM images a and b depict catalyst films dried in a small drying volume using a 

wide cannula diameter. SEM images c and d represent a large drying volume and a narrow cannula 

diameter. The ink formulation of both presented inks contained the optimal Nafion content of 0.05 v% 

and either (a, b) 40 v% or (c, d) 20 v% isopropanol. 

 

 

Fig. 6.29: SEM images of catalyst ink (PtNi on 4 h oxidised carbon black) dried on a glassy carbon electrode using the 

flow-restricted drying technique at room temperature. a and b) Ink containing 40 v% isopropanol, 0.05 v% Nafion and 

ultrapure water, dried in a 0.64 mL drying volume with a 0.8 mm cannula. c and d) Ink containing 20 v% isopropanol, 

0.05 v% Nafion, and ultrapure water, dried in a 7.41 mL drying volume with a 0.4 mm cannula. 

Both parameter combinations lead to coffee-rings that are discernible in the SEM images. Yet the 

coffee-rings appear to be less pronounced compared to the ones when employing the stationary or 

rotating drying techniques shown in figures 6.26 and 6.27. Since it is challenging to evaluate the 

catalyst ink filmôs thickness based on SEM images alone, selected samples were further investigated 

using AFM. Figure 6.30 gives an overview over the thicknesses at different positions of the film. A 

more detailed representation is depicted in section 10.5 in the appendix. 
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It can be inferred from figure 6.30 a and b that the manifestation of the coffee-ring is indeed less 

pronounced when employing the flow-restricted drying technique. Here, the thickness of the edge 

amounted to an average of ca. 1000 to 1500 nm compared to ca. 500 to 600 in the centre. On the other 

hand, the stationary drying technique in figure 6.30c reveals an edge thickness of ca. 5500 nm and a 

thickness of ca. 130 nm in the centre. 

Interestingly in image a, the film thickness first decreases towards the edge before rising to form the 

coffee-ring. A possible explanation for this formation of a cap in the centre could be the thermal 

Marangoni effect. The Marangoni effect describes a flow from lower to higher surface tensions. The 

surface tension is inverse proportional to the temperature, and a drying drop only has the substrate it 

is drying on as heat source. Therefore, the tip of the drying drop is the coldest, has the highest surface 

tension, and a radial inward flow is introduced.[207,211] 

The limitations for the investigations via AFM lie in the small measuring range (here: max. 

100Ā100 µm) and long measuring durations for each measurement. Therefore, it is only possible to 

present small sections of the catalyst films. The catalyst films exhibit a significant roughness as can 

be inferred from the high standard deviations and can be seen in the appendix. Additionally, the 

catalyst films feature randomly distributed, sporadic larger aggregates that may be included in the 

measured section by chance. This may significantly affect the average height. Consequently, the AFM 

images do not provide a complete representation of the height distribution, but merely offer an 

impression of the thickness at different positions. In comparison to the observations made in the SEM 

images, the AFM images confirm the general trend. 
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Fig. 6.30: Overview of catalyst ink (PtNi on 4 h oxidised carbon black) film thicknesses at different positions of the film 

according to AFM measurements. a) Dried using the flow-restricted drying technique at room temperature in a 0.64 mL 

drying volume with a 0.8 mm cannula. (40 v% isopropanol, 0.05 v% Nafion, and ultrapure water) b) Dried using the flow-

restricted drying technique at room temperature in a 7.41 mL drying volume with a 0.4 mm cannula. (20 v% isopropanol, 

0.05 v% Nafion, and ultrapure water) c) Dried using the stationary drying technique at 40 °C. (0.05 v% Nafion in ultrapure 

water). 

To further evaluate the influence of the catalyst filmôs morphology on the performance in 

electrochemical measurements, cyclovoltammetric measurements were performed comparing the 

flow-restricted and the stationary drying techniques. For the flow-restricted approach, a small drying 

volume and a wide cannula diameter was chosen, as it resulted in the most uniform catalyst films 

attainable according to SEM images. The stationary drying technique on the other hand, consistently 

resulted in the formation of a coffee-ring. Figure 6.31 shows the maximal ECSA values of both drying 

techniques for four different samples and the respective catalyst film morphologies. 
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Fig. 6.31: Maximal ECSA values of catalyst inks (PtNi on different substrates) dried using the flow-restricted drying 

technique (0.64 mL drying volume; 0.8-0.9 mm cannula diameter) compared to the stationary drying technique at room 

temperature. For comparison, a representative SEM image of one coated electrode using each drying technique (a: flow-

restricted, b: stationary) per sample is presented. (Ink formulation: 40 v% isopropanol, 0.05 v% Nafion, and ultrapure 

water) 

The data presented in figure 6.31 shows that both drying techniques lead to similar ECSA values, 

inferring a limited dependency on the film morphology. Similar results were obtained in literature, 

where the catalyst filmôs morphology[197,198], the catalyst inkôs Nafion content[201] and the catalyst 

inkôs pH value[200] was observed to have a low impact on ECSA values, while significantly 

influencing ORR specific activities. Therefore, ORR measurements were conducted comparing 

catalyst films obtained through both drying techniques, as presented in figure 6.32. 

While no significant differences of the measured currents could be detected in the kinetic-controlled 

region above 1.0 V vs. RHE, the curves split at 0.8 V in the mixed kinetic-diffusion controlled region 

with the more uniform catalyst film exhibiting higher cathodic currents that persist at a higher level 

within the diffusion-limited region below 0.7 V. This is consistent with the observations made by 

GARSANY et al.[186] where films with lower uniformity exhibited lower cathodic currents. The E1/2 

benchmark is 0.82 V for both films. This is the same value achieved by GARSANY et al. for a low-
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quality film, while the group measured 0.85-0.89 V for a uniform catalyst film. The lower cathodic 

currents in the diffusion-controlled region can be attributed to the catalyst filmôs thickness, which 

varies in non-uniform films with the thicker parts being less permeable for the reactants by diffusion. 

A similar detrimental effect on the diffusion-controlled and mixed-controlled regions in the ORR 

polarisation curves could be observed by KOCHA et al.[201] after adding Nafion to the catalyst ink. In 

this work, 0.05 v% Nafion was employed in the catalyst inks as it was observed to be the optimal 

amount for high ECSA values. 
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Fig. 6.32: ORR polarisation curves (anodic sweeps prior to background current subtraction) and SEM images of catalyst 

inks (PtNi on Vulcan XC72R) dried using the flow-restricted drying technique (0.64 mL drying volume; 0.9 mm cannula 

diameter) compared to the stationary drying technique at room temperature. Ink formulation: 40 v% isopropanol, 0.05 v% 

Nafion, and ultrapure water. Recorded in O2-saturated 0.1 M HClO4 at 25 °C at 20 mV s-1 and 1600 rpm with a Pt loading 

of 8.1 µgPt cm-2.  

Both films show a very low Eonset resulting in very small currents at 0.9 V, consequently leading to 

very low specific activities presented in table 6.2. According to the mass-specific activity Im, which 

is calculated after subtracting the background current recorded in N2-saturated electrolyte, the less 

uniform catalyst film using the stationary drying technique is slightly more active than the more 

uniform film. Nevertheless, both mass-specific activities are lower than values measured for 

commercial Pt/C catalysts and even several orders of magnitudes lower than the values measured for 

octahedral Pt3Ni/C of comparable sizes as listed in table 6.2. Furthermore, ORR polarisation curves 

were recorded using a polycrystalline platinum disc after thorough cleaning of all glassware with 

peroxymonosulphuric acid. Its area-specific activity Is was determined to be 47.0 µA cm2 at 0.9 V 
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while GARSANY et al.[186] declared 1500-3000 µA cm2 as a benchmark for a successfully cleaned 

polycrystalline platinum disc. This suggests the presence of impurities during the measurement with 

one possible source being the ligands (oleic acid and oleylamine) bound to the catalytic nanoparticleôs 

surface, which detach from the surface during electrochemical cycling. Before each ORR 

measurement, a rigorous cleaning procedure of the glassware, which involved an overnight soak in 

peroxymonosulphuric acid, was conducted. Additionally, prior to each measurement, electrochemical 

cleaning cycles were performed in a separate measurement cell. Nevertheless, residues cannot be 

excluded. Especially during measurements of catalyst ink films, remaining ligands may continue to 

detach. Another possible explanation may stem from undiscovered issues with the set-up or the 

measurement apparatus.  

Tab. 6.2: Characteristic currents and mass-specific activities Im obtained from ORR polarisation curves (figure 6.32) 

after background current subtraction (N2-saturated 0.1 M HClO4 at 0 rpm) and literature values for mass-specific 

activities. 

Film drying technique I  at 0.9 V vs. RHE / mA I lim at 0.4 V vs. RHE / mA Im / A mgPt
-1 

Flow-restricted  -0.0971 -1.17 0.0666 

Stationary -0.128 -1.11 0.0913 

Oct. Pt3Ni/C (4.2 ± 0.2 nm)[14]   1.80 

Oct.  Pt3Ni/C (4.5 nm)[240]   1.08 

HiSPEC 13100 Pt/C[241]   0.19 

TKK 60% Pt/C[241]   0.28 

 

In conclusion, an SEM study revealed the importance of a sufficiently long ultrasonic treatment for 

the attainment of a homogeneous catalyst ink, which is necessary to achieve homogeneous catalyst 

thin-films. It was observed that a cooled ultrasonication of at least ten hours prior to electrochemical 

measurements is necessary to avoid catalyst agglomerates. 

Furthermore, it was possible to increase the catalyst film quality using a flow-restricted drying 

approach using a small drying volume and a wide cannula diameter. After drying, a coffee-ring was 

still observable, but according to AFM measurements, the height difference was a lot less severe 

compared to a stationary drying technique. CV investigations revealed a limited influence of the 

catalyst film uniformity on the ECSA value. On the other hand, deviations in the ORR polarisation 

curves indicate improved diffusion properties of the more uniform thin film. Unfortunately, all ORR 

measurements showed very low catalytic activities suggesting an underlying problem with the oleic 

acid/oleylamine ligands, the cleaning process, or the measurement set-up. Since the origin of the 
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decrease in catalytic activity remains unclear, further electrochemical investigations focussed on CV 

measurements.  On account of the low impact of the catalyst film morphology on ECSA values and 

the disadvantage of prolonged drying times of 6-7 days using the flow-restricted drying compared to 

<1 day using the stationary drying technique, the latter was mainly employed in the electrochemical 

measurements described in the following chapter. 

6.2.3. Catalyst Characterisation 

Nanoparticle-support composite catalysts were synthesised consisting of platinum or platinum-nickel 

alloy nanoparticles and surface-modified support materials. The introduction of functional groups to 

the supportôs surface can lead to an improved particle-support interaction, which may also have a 

beneficial influence on the catalytic performance, especially a reduced rate in degradation.[34] Hence, 

the influence of the support functionalisation on the electrochemical activity and stability was 

investigated employing cyclic voltammetry.  

Prior to the particle deposition, the base substrate Vulcan XC72R and one oxidised Vulcan XC72R 

sample were electrochemically investigated using cyclic voltammetry. The surface layer diagrams of 

both samples were compared in regard to their electrochemical behaviour and stability. As shown in 

figure 6.33, 3000 full CV cycles were recorded for each substrate. 
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Fig. 6.33: Surface layer diagrams of a) Vulcan XC72R and b) Vulcan XC72R oxidised for 43 hours with 3:1 sulphuric 

acid and nitric acid, at increasing numbers of full 0.06-1.2 V, 0.1 V s-1 cycles, measured in 0.1 perchloric acid. 

The surface layer diagrams reveal an increased capacitive current after the oxidation, which can be 

explained by the increased hydrophilicity due to the introduction of functional groups.[100,242] The 
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middle region, between 0.4 and 0.8 V vs. RHE, exhibits a faradaic charge couple that can be attributed 

to the quinone/hydroquinone redox couple[243] described by equation 6.1.[244] 

 C=O + e- + H+ ᵶ C-OH (6.1) 

This redox couple is associated with surface oxides. The oxidised carbon exhibits a greater number 

of surface groups, resulting in a surface layer diagram that displays more pronounced peaks compared 

to the unfunctionalised Vulcan XC72R. Furthermore, in both voltammograms, the intensity of the 

peaks increases with the number of cycles, which suggests an increased degree of oxidation. While 

the first cycle of Vulcan XC72R displays no anodic peak and only a minor cathodic peak in that 

region, the peak couple becomes apparent with an increasing number of cycles. Thus, it can be 

concluded, that the unfunctionalised carbon also undergoes an electrochemical oxidation process 

during potential cycling between 0.06 and 1.2 V vs. RHE, which was previously observed by 

AVASARALA  et al.[182]  as well. 

At the peak potential of 1.2 V vs. RHE, a second anodic current is observed. As demonstrated by the 

investigations conducted by AVASARALA  et al.[182] and PÉREZ-RODRÍGUEZ et al.[100], this peak is likely 

attributable to the irreversible carbon gasification to CO2 according to equation 6.2.[185]  

 C + 2 H2O Ÿ CO2 + 4 H+ + 4 e- (E0 = 0.207 V vs. RHE) (6.2) 

The gasification leads to carbon corrosion which is one type of catalyst degradation. As it reduces the 

surface area for the catalytic particles, a carbon corrosion entails the detachment or agglomeration of 

the catalytic nanoparticles. 

Though PÉREZ-RODRÍGUEZ et al. observed an increased gasification current with increased degree of 

oxidation due to the surface oxide groups facilitating the CO2 formation, the same observation could 

not be made in this work. Here, the absolute current at 1.2 V of the initial cycles is similar, albeit 

slightly higher for the unfunctionalised Vulcan XC72R with 0.56 mA, compared to 0.48 mA for the 

oxidised carbon. One possible explanation for this discrepancy may be a different composition of the 

various surface oxide groups. PÉREZ-RODRÍGUEZ et al. used a 1:1 mixture of nitric and sulphuric acid 

or only nitric acid in their oxidation process resulting in a significantly lower amount of carboxylic 

acid groups (ca. 0.2-0.5 mmol g-1) detected by temperature programmed desorption (TPD) compared 

to carboxylic acid groups detected by titration (ca. 1-3 mmol g-1) in this work. 

With increasing number of cycles, the anodic gasification peak decreases, as also observed by 

AVASARALA  et al. This may arise from easily oxidisable defects or surface impurities that are more 
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prevalent in the initial material and are gradually removed as the oxidation process progresses with 

an increasing number of cycles.[182] 

In essence, two oxidation processes of oxidised and unoxidised Vulcan XC72R can be distinguished. 

At lower potentials around 0.7 V vs. RHE, surface oxidation processes occur with increasing severity 

at increasing number of cycles. Simultaneously, oxidation to CO2 occurs at potentials above 1 V vs. 

RHE, which decreases in severity with increasing number of potential cycles. A third type of 

oxidation, the oxidation of water to oxygen, namely the oxygen evolution reaction (OER) may 

theoretically also occur at potentials above 1 V vs. RHE, but PÉREZ-RODRÍGUEZ et al.[100] found no 

evidence of a notable OER rate of carbon or oxidised carbon in the absence of metal nanoparticles. 

The surface layer diagrams of unfunctionalised and functionalised Vulcan XC72R, after deposition of 

PtNi or Pt nanoparticles can be seen in figure 6.34. The surface layer diagrams consist of a 

superposition of the currents originating from the respective support material and catalytic 

nanoparticles. 

The impact of the support material is well visible in the middle region of the diagrams from ca. 0.3 

to 0.6 V vs. RHE, which is also known as the ódouble layer regionô. In parallel with the surface layer 

diagrams without particles in figure 6.33, the functionalised carbons display a higher capacitive 

current due to the increased hydrophilicity,[100] which can be attributed to an increased counter ion 

adsorption with increasing hydrophilicity, beneficial for charging and discharging efficiencies.[245] 

Here as well, the quinone/hydroquinone charge couple is visible between 0.4 and 0.8 V when using 

the oxidised carbon as support material. Interestingly, after further functionalisation of the oxidised 

carbon with ethylenediamine (EDA) or triethylenetetramine (TETA), the quinone/hydroquinone 

peaks are missing in the surface layer diagrams, yet an elevated double layer current can still be 

detected. 
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Fig. 6.34: Surface layer diagrams (AST cycle no. 4000) of a) PtNi nanoparticles and b) Pt nanoparticles on different 

substrates (Vulcan XC72R, Vulcan XC72R oxidised for four hours with 3:1 sulphuric acid and nitric acid and further 

functionalised with ethylenediamine (EDA) or triethylenetetramine (TETA). Recorded in 0.1 M perchloric acid at 

50 mV s-1. 

The PtNi and Pt nanoparticles both display cathodic hydrogen adsorption and anodic hydrogen 

desorption peaks in the range of ca. 0.08 to 0.35 V vs. RHE. Within the hydrogen 

adsorption/desorption region,  two anodic peaks at ca. 0.12-0.13 and 0.20-0.21 V and two cathodic 

peaks at slightly lower potentials of ca. 0.10 and 0.18-0.19 V are detected. Notably, in the case of 

pure Pt particles, the first peaks (lower potential) are more pronounced than the second peaks, whereas 

this is not the case with PtNi. According to CV curves of Pt and Pt3Ni displaying single crystal facets 

recorded by STAMENKOVIC  et al.,[24] both peaks can likely be attributed to the (110) facet. Other facets 

may contribute to the hydrogen adsorption/desorption region as well, especially since the (111) facet 

displays only a weak current without any pronounced peaks compared to other facets. This points at 

a cubic, cuboctahedral, or truncated octahedral geometry of the catalytic particles, as these geometries 

display (110), and in the latter two cases also (111) facets.[81] 

Figure 6.35 displays CV curves of PtNi or Pt nanoparticles on Vulcan XC72R after varying numbers 

of accelerated stress test (AST) cycles illustrating the influence of proceeding electrochemical stress 

on the catalysts. The area of the respective hydrogen adsorption region is utilised as a measure of the 

catalytic activity as ECSA according to equation 4.18. It is recommended[186] to use the hydrogen 

evolution onset as the minimum potential for integration, which can be identified as a cathodic current 

minimum around 0.08 V vs. RHE.[194] Since not all CV cycles display the hydrogen evolution 
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minimum, in this work a minimum potential of 0.05 V was chosen for integration of the hydrogen 

adsorption peak. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

No. of AST cycles

 0

 500

 4000

 10000

 30000

I 
/ 
m

A

E vs. RHE / V

a)                                                                                                               b)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

No. of AST cycles

 0

 400

 4000

 10000

 30000

I 
/ 
m

A

E vs. RHE / V
 

Fig. 6.35: Surface layer diagrams of a) PtNi nanoparticles and b) Pt nanoparticles on Vulcan XC72R after increasing 

numbers of AST cycles. Recorded in 0.1 M perchloric acid at 50 mV s-1. 

It is apparent that the hydrogen adsorption area decreases with increasing number of AST cycles. 

This is also illustrated in figure 6.36 which displays a typical course of the ECSA plotted against the 

number of AST cycles. Figure 6.36 shows an increase in catalytic activity in the first few hundred 

cycles, which may be attributed to electrochemical cleaning of the particles. After traversing the 

maximum ECSA, due to electrochemical degradation, the catalytic activity decreased with decreasing 

rate.[10] 

 

 



Dissertation   E. Felgenhauer 

 

-104- 

 
 

0 2500 5000 7500 10000 12500 15000 17500 20000 22500 25000 27500 30000

0

10

20

30

40

50

60

70

80

M
e

a
n

 E
C

S
A

 /
 m2

 g
-1

Number of AST cycles

Maximum ECSA

ECSA after 10000 AST cycles

ECSA after 30000 AST cycles

 

Fig. 6.36: Average ECSA with standard deviation of PtNi nanoparticles on Vulcan XC72R plotted against the number of 

AST cycles. 

When comparing the intensities of the two (110) peaks of the pure platinum catalyst, the first peak 

remains more pronounced than the second peak during the first 20000 cycles, albeit with decreasing 

ratio as the measurement proceeds. After 30000 cycles, the hydrogen region displays no district peaks 

suggesting a loss of particle geometry due to electrochemical degradation and a superposition of 

currents resulting from a variety of facets. The TEM images in figure 6.37d reveal an increase in 

particle size with irregular shapes, which supports this assumption. The degradation of the catalytic 

particles can be explained by electrochemical Ostwald ripening, or agglomeration as described in 

detail in section 4.2.5. 
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Fig. 6.37: TEM images of catalysts before and after 30000 AST cycles. a) PtNi on Vulcan XC72R before AST and c) 

after AST. b) Pt on Vulcan XC72R before AST and d) after AST. 

In the case of the PtNi nanoparticles, the early cycles display no pronounced peaks within the 

hydrogen region before gradually developing the (110) peaks during cycles 500-2000 with similar 

intensities. From the 6000th cycle onwards, the second peak gradually increases in intensity relative 

to the first peak and after 25000 cycles, only the second peak remains visible in the hydrogen region. 

The progress of the peak development can be explained by Ni leaching out of the nanoparticles during 

potential cycling.[178,246,247] At the onset of the measurement, the intact platinum-nickel alloy may 

display a variety of crystal facets due to its bimetallic nature. In the process of potential cycling, the 

nickel continues to be removed from the particles while developing distinct (110) peaks. The 

predomination of the second peak during the advanced cycling may be explained by a porous 

platinum-rich structure of the particles. The TEM images in figure 6.37c show an increase in particle 

size and irregular shaped particles similar to the pure platinum particles. 

For the comparison of the catalytic activity of different catalysts employing the ECSA, three key 

points were considered, as illustrated in figure 6.36. The maximum ECSA was chosen as reference 

value to minimise the impeding influences of ligands on the particle surface. The respective maximum 

a)                                                                              b) 

c)                                                                              d) 
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values are compared to the ECSAs after the 10000th (and 30000th) cycle to demonstrate the severity 

of the electrochemical degradation due to potential cycling. Each catalyst ink was applied to the 

working electrode multiple times and the respected CV curves were recorded, to form the average 

value with standard deviation. 

As elucidated in section 6.2.2, the thin-film disc electrode half-cell measurement method is fairly 

challenging, resulting in large variances of the maximal ECSAs of the same sample prepared in an 

identical fashion. To illustrate the repercussions of the disc electrode measurements, one catalyst ink 

sample was measured for 23 times and the respective maximal ECSAs are plotted in figure 6.38. 
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Fig. 6.38: Respective maximum ECSAs of the same PtNi / Vulcan XC72R ink of 23 individual CV measurements in order 

of recording and their mean value with standard deviation. The catalyst ink thin films were prepared using the stationary 

drying technique except for no. 1 (0.64 mL drying volume, 0.9 mm cannula) and no. 3 (7.41 mL drying volume, 0.4 mm 

cannula), dried with the flow-restricted approach. 

In figure 6.38, most measurement attempts exhibited a similar maximal ECSA of 46±4 m2 g-1. 

Exceptions include measurements no. 2, 4, 5 and 7 with 33 to 89 % higher ECSAs, which are 

responsible for an elevated standard deviation. A potential cause may be an inhomogeneous 

dispersion of the catalyst ink, where the extracted aliquot inadvertently contained a higher 

concentration of the catalyst. The platinum content of catalyst ink concentration was determined by 

atomic absorption spectroscopy after acid digestion of 300 µL catalyst ink dispersion and the utilised 

platinum content on the working electrode was calculated using the aliquot volume of 10 µL. Due to 

the very small sample sizes, it was not possible to determine the quantity of sample that actually 

adhered to the electrode, leaving room for errors. 
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In order to prevent an inhomogeneous ink dispersion, thorough ultrasonic treatment was conducted 

as described in section 6.2.2 before the first CV measurement (10+ hours) and to a lesser extent before 

each thin-film preparation (15-60 minutes). However, it cannot be ruled out that the ultrasonic 

treatment was not sufficiently long in each individual case. It is noteworthy that most deviating 

ECSAs occur in the beginning of the measurement series, which supports this thesis since the 

ultrasonic treatment was continued before each thin-film preparation. Due to the densely black colour 

of the catalyst ink, a visual examination of the extracted aliquot was proven to be challenging, and 

only very low concentrations could be distinguished. 

Interestingly, the drying method of the catalyst thin-film appears to exert no significant impact on the 

maximal ECSA, as measurement number one and three do not significantly deviate from the majority 

of the measurements. This corroborates the findings from section 6.2.2. 

The maximal ECSA and the ECSA after potential cycling was utilised to compare the influence of 

the functionalisation of the support material on the catalytic activity. As described in chapter 6.1, the 

Vulcan XC72R support material was first oxidised using a mixture of sulphuric and nitric acid for 

varying times. The respective oxidised carbon supports were further functionalised using 

ethylenediamine (EDA), triethylenetetramine (TETA), phenylenediamine (PDA) or butanedithiol 

(BDT) using either a direct functionalisation route, or a two-step synthesis involving an SOCl2 

intermediate step. The catalytic nanoparticles were deposited on the respective support material to 

form the catalyst according to section 6.2.1. 

In a first step, preliminary studies were conducted using a seven days oxidised carbon, which was 

functionalised using a variety of approaches and loaded with PtNi. Figure 6.39 compares the maximal 

ECSA of each catalyst with the remaining ECSA after 10000 full CV cycles. 
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Fig. 6.39: Average maximum ECSA and ECSA after 10000 full CV cycles (-0.059-1.259 V vs. RHE) of PtNi 

nanoparticles on Vulcan XC72R, Vulcan XC72R oxidised for 7 days (sulphuric and nitric acid), and further functionalised 

with various diamines or butanedithiol.  

When comparing the maximal ECSA of the catalysts with the unfunctionalised Vulcan XC72R 

support material against the catalyst featuring the seven days oxidised support, it is apparent that the 

catalytical activity was significantly reduced after oxidation. One reason may be a decrease in 

conductivity of the oxidised support due to the introduction of surface oxide groups possibly 

disrupting the amorphous carbonôs ˊ-system. Furthermore, the BET surface area of the support was 

significantly reduced after oxidation for seven days from 265±12 m2 g-1 to 92±15 m2 g-1 which can 

lead to a decreased spatial distribution and thus decreased accessibility of the catalytic particles for 

the reactants.  

The direct functionalisation of the oxidised carbon support with ethylenediamine led to an improved 

maximal catalytic activity compared to the oxidised carbon support. Since the specific surface area 

generally decreases by ca. 30 % due to functionalisation with a diamine (figure 6.19) compared to its 

oxidised carbon, and the -́system disrupting oxide groups are still present on the surface, an 

improved catalytic performance due to an increased particle-support or ionomer-support interaction 

is likely. Similar results were observed after functionalisation with triethylenetetramine. Here, the 

maximal ECSA after the direct functionalisation even surpassed the unfunctionalised Vulcan XC72R. 
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Both for EDA and TETA, it was observed that the two-step synthesis route employing thionyl 

chloride led to reduced catalytic activities. These results are unexpected since the two-step synthesis 

led to elevated nitrogen content of the functionalised supports by 17-30 % (figure 6.16) indicating a 

higher degree of functionalisation. On the other hand, also elevated amounts of sulphur impurities 

were detected for the two-step synthesis compared to the direct functionalisation. This suggests an 

inhibiting influence of the sulphur impurities counteracting against the enhancing influence of the 

amine surface functionalisation. 

The functionalisation with phenylenediamine was examined since its aromatic structure implied an 

elevated conductivity of the functional group. According to the elemental composition (figure 6.17), 

PDA was successfully introduced to the supportôs surface, especially the synthesis conducted in the 

PDA melt. However, the catalysts featuring the PDA-functionalised support displayed very low 

catalytic performances as shown in figure 6.39. 

Lastly, the catalytic activity of PtNi on butanedithiol-functionalised carbon was investigated. Here, 

regardless of the comparably low functionalisation grade determined in the elemental composition 

(figure 6.17), an increase in maximal catalytic activity compared to the oxidised support was detected. 

This indicated for a beneficial influence of the thiol functionalisation. 

The decrease of the catalytic activity after 10000 cycles serves as an indicator for the severity of the 

catalystôs electrochemical degradation. The catalyst featuring unfunctionalised Vulcan XC72R 

displayed an ECSA loss of -73 % after 10000 cycles. Most of the tested support materials led to a 

similar or more severe decrease up to 100 % in catalytic activity. Solely the catalyst featuring the 

support that was EDA-functionalised using the direct route displayed a lower degree of degradation 

of -67 % leading with 12.2±5.3 m2 g-1 to roughly the same remaining ECSA after 10000 cycles as the 

unfunctionalised Vulcan XC72R exhibiting 12.9±6.2 m2 g-1. This suggests a stabilising effect of the 

ethylenediamine group regarding catalyst degradation. 

Overall, during the preliminary studies, it was found that the direct EDA- and TETA-

functionalisations displayed the most promising characteristics. While the TETA-functionalised 

catalyst displayed the overall highest catalytic activity, the EDA-functionalised catalyst exhibited the 

lowest degree of electrochemical degradation. Therefore, further investigations were conducted using 

these two types of functionalisations. Since the preliminary studies were conducted based on the 

seven days oxidised Vulcan XC72R with a significantly lower BET surface area, which may impede 

the catalytic performance, further investigations focussed on oxidised carbons with shorter oxidation 

times since these substrates featured significantly higher BET surface areas (figure 6.9, 6.19). Figure 
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6.40 compares the catalytic activity of PtNi on Vulcan XC72R, which was oxidised for 1, 2, and 4 

hours and the respective further functionalisations with EDA and TETA. The electrochemical 

degradation was investigated using accelerated stress tests (AST), which comprised of three-second 

potential steps at 0.6 and 1.0 V vs. RHE for 10000 cycles. 

As a general trend, it is observable that the oxidised support led to a decrease of the maximal catalytic 

activity by 30 % (with the exception of the two hours oxidised support). After the EDA-

functionalisation, the maximal activity increased again to slightly lower than Vulcan XC72R. In 

contrast to the preliminary test, the TETA-functionalisation showed no beneficial influence compared 

to the oxidised supports. In section 6.1.2, it was hypothesised that the majority of TETA-molecules 

were bound to the oxidised carbonôs carboxylic acid groups via both primary amine groups, featuring 

a bridged functionalisation while the shorter EDA-molecules mainly exhibited monofunctional 

amines. This implies that the catalytic nanoparticles would interact with the primary NH2-groups in 

the case of the EDA-functionalisation and with secondary NH-groups in the case of the TETA-

functionalisation. The electrochemical results imply that the former interaction exhibits a higher 

strength than the latter, as well as compared to the interaction with the oxide groups. 
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Fig. 6.40: Average maximum ECSA and ECSA after 10000 AST cycles (0.3-0.6 V vs. RHE) of PtNi nanoparticles on 

Vulcan XC72R, Vulcan XC72R oxidised for varying times (sulphuric and nitric acid), and further functionalised with 

ethylenediamine (EDA) or triethylenetetramine (TETA).  
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In regard of the electrochemical degradation, all functionalised substrates in figure 6.40 feature a less 

severe percentual decrease in catalytic activity compared to Vulcan XC72R. Even the absolute ECSA 

values after 10000 AST cycles of the PtNi nanoparticles on two EDA-functionalised substrates 

exceed those of Vulcan XC72R-supported PtNi. This clearly demonstrates the beneficial effect of the 

EDA-functionalisation of the catalyst support in regard of electrochemical stability. To further 

investigate the long-term stability of the catalysts featuring different functionalisations, a more 

detailed study of the four-hour oxidised carbon support with EDA- or TETA-functionalisation 

comprising of 30000 AST cycles was undertaken as illustrated in figure 6.41. The support materials 

were loaded with either PtNi or Pt nanoparticles to examine the functional groupôs interaction with 

the different metal surfaces. Furthermore, the catalytic activities were compared to the commercial 

catalyst HiSPEC 3000, prepared in the same fashion. 

In figure 6.41, the PtNi catalysts show the same trends as in the previous graph with the 

unfunctionalised and EDA-functionalised catalysts exhibiting the highest maximal ECSAs while the 

oxidised and TETA-functionalised catalysts display a decrease of the maximal ECSAs by ca. 30 %. 

In terms of degradation, as in figure 6.40, the support functionalisations led to a lower relative 

electrochemical degradation compared to Vulcan XC72R after AST 10000 cycles. The difference is 

even more pronounced after 30000 cycles, where the functionalised substrates led to decrease in 

ECSA of only 54-57 % compared to Vulcan XC72R with a 70 % decrease. The particles supported 

on the EDA-functionalised carbon displayed the highest absolute remaining ECSA after 30000 cycles 

while the otherwise functionalised support materials showed remaining ECSA-values similar to 

Vulcan XC72R. Compared to figure 6.40, the results deviate slightly, since only measurements with 

30000 AST cycles were evaluated. 

 



Dissertation   E. Felgenhauer 

 

-112- 

 
 

PtNi / Vulcan XC72R

PtNi / 4 hours oxidised

PtNi / + EDA

PtNi / + TETA

Pt / Vulcan XC72R

Pt /  4 hours oxidised

Pt / + EDA

Pt / + TETA

HiSPEC 3000

0

10

20

30

40

50

60

70

E
C

S
A

 /
 m2

 g
-1

 maximum activity

 after 10000 cycles

 after 30000 cycles

-48 %

-70 %

-36 %

-56 %

-54 %

-41 %

-40 %

-57 %

-47 %

-67 %
-46 %

-58 % -61 %

-42 %
-40 %

-57 %

-61 %

-79 %

 

Fig. 6.41: Average maximum ECSA and ECSA after 10000 and 30000 AST cycles (0.3-0.6 V vs. RHE) of PtNi and Pt 

nanoparticles on Vulcan XC72R, Vulcan XC72R oxidised for four hours (sulphuric and nitric acid), and further 

functionalised with ethylenediamine (EDA) or triethylenetetramine (TETA). Compared to the commercial catalyst 

HiSPEC 3000 (Alfa Aesar).  

The Pt catalysts generally exhibit lower catalytic activities than the PtNi catalysts, which is in 

agreement with NAGAI  et al.[179] who investigated the catalytic activity of PtNi-alloys in relation to 

Pt:Ni ratio. The average sizes of both particle types are similar as shown in figure 6.41, albeit slightly 

smaller for the Pt nanoparticles. Since smaller nanoparticles display a higher surface to volume ratio 

leading to a higher catalytic surface area per mass and thus ECSA,[248] the lower ECSA values cannot 

be contributed to the particle sizes. 

In contrast to the PtNi catalysts, the TETA-functionalisation exhibited the most beneficial 

characteristics for the Pt catalysts, with only a slightly lower maximal catalytic activity than the 

Vulcan XC72R-supported Pt catalyst and the highest remaining ECSA after 30000 AST cycles of all 

synthesised Pt catalysts. The oxidised and EDA-functionalised supports both show maximal ECSAs 

reduced by 15-20 % and a similar remaining ECSA-value after 30000 cycles compared to Pt on 

Vulcan XC72R. 

A potential explanation for the beneficial influences of the EDA-functionalisation for the PtNi 

catalysts, and the TETA-functionalisation for the Pt catalysts is the improved stabilisation of the 

catalytic nanoparticles through electrostatic interactions[37,39] with the supportôs NH2 or NH groups, 
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respectively. The increased particle-support interaction may inhibit particle detachment and particle 

movement across the supportôs surface leading to a lower degree of degradation. Moreover, the 

increased particle-support interaction may facilitate an improved particle dispersion during the 

particle deposition, rendering the particle surfaces more accessible for reactants, which leads to higher 

maximal ECSAs. However, this could not be confirmed upon visual inspection of TEM images 

(appendix section 8.8), where the supportôs functionalisation generally led to a less uniform 

distribution of the particles. It has been found that carboxylic acids are stronger ligands than amines 

for PtNi particles while amines are stronger ligands than carboxylic acids for Pt particles.[249] 

Therefore, a stronger stabilising effect for the PtNi particles was expected for the oxidised support 

material compared to the EDA-functionalised support. However, in this work, the primary amine 

group exhibited the most advantageous characteristics for PtNi particles. In case of the pure Pt 

particles, an elevated stabilisation effect of the primary EDA-functionalised support compared to the 

oxidised support was expected, which showed only minimal differences. Here, the secondary amine 

groups displayed the most advantageous effect on the stability of the Pt nanoparticles. 

In addition to the increased particle-support interaction, it was shown[40,250] that the introduction of 

N-groups also entails an increased interaction of the support with the SO3- side-chains of the Nafion 

ionomer. This results in a more homogeneous distribution of the ionomer, which can lead to a reduced 

oxygen transport resistance and thus increased catalytic activity. 

Another possible contributing factor to the elevated stability may be the loss of the carbon supportôs 

fine structure due to the initial oxidative treatment. The BET results in figure 6.9 and the SEM images 

in figure 6.7 in section 6.1.1 clearly demonstrate a reduction of the porous carbonôs fine structures 

after oxidation times as short as 0.5 hours with declining rate throughout increasing oxidation times. 

Since the fine structures are easiest to oxidise using acid, leading to carbon gasification, it is 

reasonable to assume that this also applies for electrochemical carbon corrosion. Carbon gasification 

is an important form of catalyst degradation[68,182,183] as it leads to a loss of foothold for the surface 

bound catalytic particles and a reduced space on carbon surface. This results in the detachment of 

particles from the surface or the agglomeration of particles, both of which contribute to a decline in 

catalytic activity. Should the most pronounced phase of carbon degradation occur prior to the 

electrochemical measurement, the relative degradation compared to the measured maximal ECSA is 

expected to be reduced, as observed in the electrochemical experiments. 

The catalytic activity and stability of the synthesised PtNi and Pt catalyst were compared to the 

commercial Pt catalyst HiSPEC 3000, which displayed the overall highest maximal ECSA of all 

investigated catalysts. Since the average particle diameter of the commercial catalyst was slightly 
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higher compared to the synthesised catalysts and no alloy material was involved, the beneficial 

properties of smaller particle sizes and co-metal can be ruled out as contributing factors. One potential 

cause for the lower catalytic activity of the synthesised catalysts involves the inhibiting effect of the 

ligands on the nanoparticle surface. The oleic acid and oleylamine ligands which are necessary for 

the colloidal nanoparticle synthesis may block the catalytic active surface for potential reactants to a 

certain degree. Though electrochemical cleaning was conducted, it is unclear to which extent the 

surfaces were cleared. Figure 6.36 shows clearly that the electrochemical cleaning process is still 

ongoing during the AST measurements. Furthermore, during electrochemical cleaning, the 

electrochemical degradation process may have been initiated already before reaching a clean surface, 

which could lead to lower recorded maximal ECSAs. Lastly, the removed ligands may persist in the 

measurement cell to a certain degree in form of impurities that interfere with the measurement. 

An additional factor that is possibly influencing the ECSA is the amount of particle loading per 

surface area as higher particle loadings may lead to aggregates. The commercial catalyst exhibited a 

Pt loading of 20 % according to the manufacturer. The synthesised catalysts were fabricated with the 

objective of achieving a 33% Pt loading, but due to the small sample sizes of few milligrams, the 

direct verification of the Pt loading was not possible. Instead, the Pt content was determined after 

dispersing the catalyst to form the catalyst ink, from which the Pt loading can be indirectly inferred. 

However, this process is also prone to error since it involves the weighing of single-digit milligram 

quantities (two significant digits) which might lead to variations in catalyst concentration. Hence, the 

considerable degree of variance, ranging from 0.16 to 0.34 mg mL-1 of the platinum concentration, as 

inferred from table 10.3 in the appendix, is not surprising. The average platinum concentration of the 

synthesised catalysts of 0.27±0.05 mg mL-1 is considerably higher than the platinum concentration of 

the commercial catalyst displaying 0.17 mg mL-1. Additionally, the platinum concentration does not 

entail the nickel content in the PtNi catalysts, which would account for a 20 % increase in total particle 

loading. Thus, a lower platinum loading may indeed be a contributing factor in the higher ECSA 

value of the commercial catalyst. 

A suspected variance in particle loading may also play a role when comparing the synthesised 

catalysts among themselves. However, it is unclear to which extent the variances result from 

variations in platinum loading or catalyst concentration and a visual examination of the TEM images 

(appendix section 10.6) did not appear to correspond with the platinum content values. On the 

contrary, the PtNi/Vulcan XC72R catalyst with an especially low platinum concentration exhibited a 

comparably high particle loading according to TEM. 
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In contrast to the highest catalytic activity, the commercial catalyst also displayed the highest degree 

of degradation of all investigated catalysts with a remaining ECSA after 30000 cycles that is lower 

compared to all PtNi catalysts. The high degradation rate may be related to the very broad size 

distribution, visualised in figure 6.42, which renders the particles more prone to electrochemical 

degradation.[68] 
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Fig. 6.42: Particle Size distribution obtained from TEM images of the catalytic nanoparticles investigated using 

electrochemistry. 

The stabilising effect of the introduced functional groups in regard to electrochemical degradation 

was further investigated by evaluating TEM images of the EDA-functionalised Vulcan XC72R-

supported PtNi catalyst and the unfunctionalised Vulcan XC72R-supported PtNi catalyst after 

electrochemical degradation. The EDA-functionalised catalyst displayed improved stability 

compared to the unfunctionalised catalyst with an average degradation rate of only -54 % compared 

to -70 %, respectively. Since the ECSA is closely related to the particle surface, one hypothesis 

revolves around the EDA-functionalisation inhibiting particle agglomeration and growth to an 

increased degree. To confirm this theory, the particle areas of both catalysts were determined after 

30000 AST cycles from TEM images. The area was chosen as dimension for comparison since the 

particles often displayed irregular shapes as exemplified in figure 6.43. Further TEM images of 

catalysts after AST can be found in the appendix. Figure 6.44 compares the areas of the evaluated 

particles before and after 30000 AST cycles. 
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Fig. 6.43: TEM image of PtNi nanoparticles on ethylenediamine-functionalised Vulcan XC72R, after 30000 AST cycles 

with exemplary particle outlines used during evaluation in b). 

Figure 6.44 clearly demonstrates an increase in particle size after 30000 AST cycles compared to the 

initial catalysts. However, when comparing the EDA-functionalised catalyst to the unfunctionalised 

catalysts after 30000 cycles, hardly any difference in particle area size is detectable even though the 

EDA-functionalised catalyst displays a significantly higher remaining ECSA. The degradation of the 

synthesised particles was also compared to the commercial catalyst, which exhibited even lower 

average particle areas after 30000 cycles despite displaying the lowest remaining ECSA. One 

discernible conclusion is that the cause of the reduced ECSA is attributable to factors other than 

particle growth. 

However, the evaluation of particle sizes using TEM images is of limited reliability. To begin with, 

TEM images are taken from very small sample sizes which do not necessarily represent the bulk 

sample. And the great variety in carbon and particles makes it particularly challenging to obtain a 

representable evaluation. In addition, the evaluation of three-dimensional particles using two-

dimensional images is inherently difficult, especially for irregularly shaped particles (red outline 

figure 6.43). For example, two close-together lying individual particles may appear as one in the 2D 

perspective (blue outline figure 6.43) or the particle size may be underestimated due to the 

perspective. Moreover, the varying thicknesses of the carbon support and the particles occasionally 

lead to a low particle/carbon contrast, making it difficult to discern the particle outlines.  

Bearing the difficulties arising from the evaluation in mind, the key aspect for the ECSA is the specific 

surface area of the 3D particle for which the 2D particle area only offers a limited quantification. On 

the other hand, the evaluated TEM images give no measure for the Pt and Ni atoms that were removed 

from the catalyst after dissolving. 

a)                                                                                  b) 
















































































































