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Abstract 

The operation of fuel cells at low temperatures requires the presence of catalysts in anodes 

and cathodes to improve the kinetics of electrochemical reactions. The most widely used 

material is a platinum-based and carbon-supported catalyst, especially in polymer electrolyte 

membrane fuel cells, which are considered as the most suitable type for transportation 

applications. The slow oxygen reduction reaction taking place at the cathode side of the 

membrane electrode assembly leads to high platinum loadings in the cathodic catalytic layer, 

hindering the commercialization of fuel cells. Thus, mechanically stable layers of high 

porosity and a large number of platinum active sites are desired to provide efficient catalytic 

performance. In order to increase the fraction of electrocatalytically available platinum toward 

oxygen reduction reaction, this thesis is devoted to the factors responsible for the 

microstructure of the cathodic catalytic layers. Typically, the active layers are coated by 

techniques requiring catalysts in the colloidal state. Therefore, the final structure actually 

strongly depends on the preparation process and the physicochemical properties of the catalyst 

dispersion used.  

In this work, selecting ultrasonically assisted spraying and electrophoretic deposition as the 

coating method, and platinum catalysts dispersed on carbon support as an active material, 

systematic variations of the surface chemistry of the catalyst particles and their influence on 

catalytic layer morphology, and therefore its electrocatalytic properties, have been 

investigated. Surface modification was achieved via chemical treatments, introducing 

electrostatic charges of different strength on the carbon surface. By applying a wide range of 

oxidative treatments, the colloidal properties of catalyst dispersions were tuned and adjusted. 

It could be shown that the colloid-chemical properties of the catalyst dispersions have a 

profound influence not only on the microstructure of the resulting catalytic layers, but also on 

their electrocatalytic performance. The experiments conducted proved that no universal 

treatment parameters exist. Oxidative conditions have to be adjusted individually to the 

particular catalyst and catalytic layer preparation method in order to achieve optimal 

microstructure and improved catalytic performance. The experimental procedures presented 

in this thesis provide useful guidelines for the facile fabrication of electrocatalytic layers with 

optimized properties prepared from catalyst dispersions, with potential application in fuel cell 

technology.  





Zusammenfassung 

Der Betrieb von Brennstoffzellen bei niedrigen Temperaturen erfordert die Anwesenheit von 

Katalysatoren in Anode und Kathode, um die Kinetik der elektrochemischen Reaktionen zu 

verbessern. Das am weitesten verbreitete Material ist ein Katalysator auf Platinbasis verteilt 

auf einem Kohlenstoffträger, insbesondere in Polymerelektrolytmembran Brennstoffzellen, 

die als am besten geeigneter Brennstoffzellentyp für Transportanwendungen angesehen 

werden. Die langsame Sauerstoffreduktionsreaktion, die an der Kathodenseite von der 

Membran-Elektroden-Einheit stattfindet, führt zu hohen Platinbeladungen in der kathodisch 

katalytischen Schicht, was die Kommerzialisierung von Brennstoffzellen behindert. Daher 

sind mechanisch stabile Schichten mit hoher Porosität und einer großen Anzahl von aktiven 

Platinstellen erwünscht, um eine effiziente katalytische Leistung bereitzustellen. Um den 

Anteil an elektrokatalytisch verfügbarem Platin für die Sauerstoffreduktionsreaktion zu 

erhöhen, widmet sich diese Arbeit den Faktoren, die für die Mikrostruktur der kathodischen 

katalytischen Schichten verantwortlich sind. Typischerweise werden die aktiven Schichten 

durch Techniken erzeugt, die einen Katalysator im kolloidalen Zustand erfordern. Daher 

hängt die endgültige Struktur tatsächlich stark vom Beschichtungsprozess und den 

physikalisch-chemischen Eigenschaften der verwendeten Katalysatordispersion ab. 

In dieser Arbeit wurden ultraschallunterstütztes Sprühen und elektrophoretische Abscheidung 

als Beschichtungsverfahren und auf Kohlenstoffträger dispergierte Platinkatalysatoren als 

Aktivmaterial ausgewählt, um systematische Variationen der Oberflächenchemie der 

Katalysatorteilchen und deren Einfluss auf die Morphologie der katalytischen Schicht und 

damit auf dessen elektrokatalytische Eigenschaften untersuchen zu können. Die 

Oberflächenmodifizierung wurde durch chemische Behandlungen erreicht, wobei 

elektrostatische Ladungen unterschiedlicher Stärke auf die Kohlenstoffoberfläche 

aufgebracht wurden. Durch Anwendung einer Vielzahl von oxidativen Behandlungen wurden 

die kolloidalen Eigenschaften der Katalysatordispersionen abgestimmt und eingestellt. Es 

konnte gezeigt werden, dass die kolloidchemischen Eigenschaften der 

Katalysatordispersionen nicht nur die Mikrostruktur der resultierenden katalytischen 

Schichten, sondern auch deren elektrokatalytische Leistung entscheidend beeinflussen. Die 

durchgeführten Versuche haben gezeigt, dass es keine universellen Behandlungsparameter 

gibt. Die oxidativen Bedingungen müssen individuell auf den jeweiligen Katalysator und das 

jeweilige Verfahren zur Herstellung der katalytischen Schicht abgestimmt werden, um eine 

optimale Mikrostruktur und eine verbesserte katalytische Leistung zu erzielen. Die in dieser 



Dissertation vorgestellten experimentellen Verfahren liefern nützliche Richtlinien für die 

einfache Herstellung von elektrokatalytischen Schichten mit optimierten Eigenschaften, die 

aus Katalysatordispersionen hergestellt werden, mit potenzieller Anwendung in der 

Brennstoffzellen-Technologie. 
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1 Introduction 

Environmental issues and forthcoming depletion of fossil fuels are the main reasons for the 

urgent development of alternative power generation methods. One of the most promising 

solutions as clean electrical energy sources are fuel cells [1–4]. Within all the fuel cell 

technologies available, special attention is attracted by polymer electrolyte membrane fuel 

cells (PEMFCs). They are considered as the most suitable type of fuel cell for automotive 

applications. PEMFCs use hydrogen as fuel, run at low temperatures, do not contain 

aggressive or toxic media and produce no air pollution emission since the only by-products 

of the electrochemical reactions are water and heat [3,5,6]. Thus, they are considered to be 

inherently safe and environmentally friendly. The operation of fuel cells at low temperatures 

requires the presence of a catalyst in the anode and cathode to improve the kinetics of the 

electrochemical reactions. The sluggish oxygen reduction reaction (ORR) at the cathode side 

of the membrane electrode assembly (MEA) requires much higher catalyst loadings in the 

cathodic catalytic layer (CCL) [4]. Within all single metal catalysts, Pt shows the best activity 

towards ORR. Together with its high durability in acid media, it is the most suitable catalyst 

for this application [3]. However, the high price of Pt and its scarcity increase the overall costs 

of fuel cell stacks and hinder their commercialization. Platinum/carbon (Pt/C) composites are 

currently the most frequently used materials as the main component of the electrocatalytic 

layer in fuel cells [3,7,8]. Among the carbon materials available, carbon black with the brand 

name Vulcan XC72R is typically applied as the support since it combines relatively high 

surface area and electrical conductivity with the low price [9,10]. Another instrumental 

component of the catalytic layer is a proton conductive phase (typically Nafion ionomer) [11]. 

The resulting catalyst composition based on Pt nanoparticles (NPs) dispersed on high surface 

area carbon is responsible for its unique properties, essential in terms of effective fuel cell 

operation. In a CCL, the oxygen reduction reaction (ORR) takes place only on the catalytically 

active sites, where Pt is in direct contact with protons, electrons, and oxygen [12–14]. Thus, 

the optimal microstructure of CCL is of the greatest importance. Mechanically stable layers 

of high porosity and high availability of Pt NPs are desired in order to provide optimal 

conditions for effective fuel cell performance.  

In recent years a tremendous research effort has been dedicated to improvements of the 

catalytic layer (CL) in order to promote fuel cell commercialization. The literature presents a 

vast number of experiments focused on the optimization of the catalyst by alloying Pt or 

replacing it completely with other cheaper materials to reduce the catalyst costs [3,7]. Another 
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approach is based on exploring alternative carbon supports (e.g. carbon nanotubes, graphene) 

in order to influence the catalyst microstructure by diverse carbon morphologies [15–20]. An 

interesting method is the modification of the carbon support by chemical treatments. The most 

widely used and promising approach is functionalization via oxidation. It is well established 

that such treatments can introduce different oxygen-containing groups on the carbon surface, 

influencing the interaction between catalyst particles and support. Due to reduced 

hydrophobicity, better anchoring and distribution of Pt NPs can be achieved [21]. 

Additionally, the presence of oxygen-containing groups on the carbon scaffold introduces 

electrical charges, influencing the colloidal stability of the catalyst in dispersions [22]. The 

literature presents numerous studies trying to explain the influence of chemical treatments on 

the interaction between Pt catalysts and carbon support in order to find optimal treatment 

conditions  [23–27]. To this end, carbon support typically undergoes treatment prior to the 

deposition of Pt NPs on its surface. However, the relationship between oxidative treatment 

and its influence on the colloidal stability of the catalytic dispersions has not been investigated 

in detail so far. 

Catalytic layers for MEAs can be prepared via methods using the catalyst in different states 

(e.g. solid, gas) [12,28–31]. The most significant techniques, however, require the catalyst in 

the form of a dispersion, therefore, the adjustment of its colloidal behavior concerning the 

fabrication method is essential. This thesis is aimed at studying the influence of the colloidal 

properties of catalyst dispersions on the morphology and electrocatalytic activity of CLs. To 

this end, oxidative treatments were applied to pure carbon-support as well as to Pt-decorated 

carbon from various sources (commercial and home-made). Such an approach allowed the 

analysis of oxidative treatment effects on the colloidal behavior of the catalyst dispersion and 

subsequent formation of CLs, instead of exploring Pt-carbon interactions, already extensively 

described in the literature.  

In the first set of experiments described in Chapter 5, a wide range of functionalization with 

typical oxidative agents and varying treatment conditions (time and temperature) were applied 

to the typical carbon support Vulcan XC72R in order to provide a toolbox with a systematic 

variation of carbon surface modification methods. The pre-treated Vulcan was dispersed to 

form an ink, and processed to layers via a highly reproducible ultrasonically assisted spraying 

method. The carbon materials were characterized with respect to their colloidal stability and 

textural parameters. The resulting layers were analyzed in terms of their microstructure and 

thickness. Analysis of the results with pure carbon support did justify colloidal approaches to 

increase Pt utilization and overall PEMFC performance. Thus, commercially available  
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Pt-loaded and carbon-supported electrocatalysts were treated via identical oxidative 

procedures and then processed to MEAs. Increasing the colloid chemical stability by surface 

modification of the carbon support led to active cathode catalyst layers with altered pore 

system and more accessible Pt sites when compared to inks with non-optimized colloidal 

chemical characteristics. As a result, improved PEMFC performance was achieved. 

In the second set of experiments presented in Chapter 6, the influence of the colloidal stability 

on layer formation was investigated for the pulsed electrophoretic deposition (EPD) method. 

Pt/C catalysts with different Pt content were synthesized via an impregnation-reduction 

approach. These materials underwent selected oxidative treatments tested in the previous 

experiment. CLs with varying Nafion concentrations were prepared via the pulsed EPD 

method. By applying various oxidation treatments prior to EPD, the processability of the 

layers, as well as their microstructure and Pt loading, could be controlled and adjusted.  

In Chapter 7, a composite based on Pt NPs dispersed on mixed carbon support consisting of 

Vulcan and graphene was synthesized. Graphene is an interesting material as carbon support 

due to its remarkable properties such as high specific surface area and excellent conductivity. 

It was expected that by combining Vulcan with graphene sheets an improved microstructure 

of the catalytic layer could be obtained. Before CL preparation via the pulsed EPD approach, 

the catalysts were subjected to oxidative treatments to modify their colloidal stability. The 

surface modification allowed the deposition of mechanically stable layers with well-defined 

architecture and high availability of Pt active sites and therefore increased catalytic activity. 

Under EPD conditions, layer morphology, as well as Pt loading and ECSA utilization were 

strongly affected by the Nafion content. 

As a consequence, different catalysts with modified colloidal properties were prepared, 

evaluated, and processed to CLs from catalyst dispersions. A significant influence of 

oxidative modification on the colloidal behavior, and thus processability of the catalyst 

dispersions, was proved. By applying different treatments, colloidal stability could be tuned 

and adjusted. The surface modification significantly influenced the mechanical stability and 

the porosity of the resulting layers as well as the availability of Pt active sites. The presented 

experiments showed that the same treatment conditions had different effects on diverse CL 

preparation methods. Optimal treatment parameters had to be found first and needed to be 

adjusted individually to the particular method in order to improve CL microstructure and 

performance. Some guidelines, however, have been elaborated for the facile fabrication of 

CLs with optimized properties and potential application in fuel cell technology.  
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2 Literature review 

2.1 Fuel cells  

Fuel cells are electrochemical devices that convert energy from the chemical reactions of the 

fuel directly into electricity [32]. By using most commonly hydrogen as a fuel, they could 

possibly resolve fossil fuel depletion issues. With water and heat being the only by-products 

of the electrochemical reactions, fuel cells are considered as a promising green energy 

solution with no accompanying air pollution emission [1]. Due to their high electrical 

efficiency (up to 60 %), they find wide applications in transportation, as well as in stationary 

and portable power generation [2–4]. Fuel cells are classified based on the electrolyte 

employed and the fuel used. They differ from each other according to their efficiencies, 

operating temperatures, costs, and applications [2]. One of the first developed fuel cell 

technologies were alkaline fuel cells (AFCs). AFCs were used for the first time in the NASA 

Gemini space mission in the 1960s, to produce electricity and water in spaceships [32]. 

Currently, most of the research is dedicated to the development and improvement of polymer 

electrolyte membrane fuel cells (PEMFCs). Due to their properties such as low operating 

temperatures (normally 60-80 °C, up to 120 °C), and therefore quick start-up process, high 

efficiency (40-60 %) as well as high power density leading to compactness and lightweight, 

low-temperature (LT) PEMFCs are considered as the most suitable type of fuel cells for 

automotive applications [3,5,6].  

2.1.1 Working principle  

The main operating unit of the fuel cell is a membrane electrode assembly (MEA). This 

consists of an electrolyte membrane sandwiched between the negatively charged anode and 

the positively charged cathode catalytic layer [33]. In a typical fuel cell, gaseous fuel is 

continuously supplied to the anode and an oxidant to the cathode. The electrochemical 

reactions taking place at electrodes produce electricity [6]. Figure 2.1 shows the working 

principle of a fuel cell using a PEMFC example. At the anode side of the MEA, oxidation of 

hydrogen takes place. Produced hydrogen ions (protons) are transported across the electrolyte 

membrane to the cathode, whereas electrons flow through an external circuit as electric 

current. At the cathode, oxygen provided from the air combines with protons and electrons 

and undergoes the reduction reaction to produce water and heat [8].  
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Figure 2.1: Working principle of PEM fuel cell [32]. 

2.1.2 Electrochemical reactions 

The electrochemical reactions taking place in the PEM fuel cell are following [34,35]: 

The theoretical cell potential of a hydrogen/oxygen fuel cell at 25 °C is ~1.23 V and 

corresponds to the maximum theoretical efficiency of 83 %. The efficiency is defined as the 

ratio of energy output to energy input. In this case, the output is the maximal electrical energy 

generated from the water formation reaction, (corresponding to Gibb’s free energy ΔG) 

whereas the energy input is the amount of heat that would be produced from the complete 

hydrogen combustion (corresponding to enthalpy ΔH) [36]:  

In practice, however, with increased current, the cell voltage decreases due to activation and 

ohmic losses as well as the mass transport occurring during operation of the fuel cell. 

Therefore, the real cell potential is at a level of 0.6 to 0.7 V and corresponds to an efficiency 

of 40-60 % [29]. Operation of the fuel cells at low temperatures requires the presence of  

Anode half reaction: H2        2H+
 + 2e- E0

 = 0.0 V (2.1) 

Cathode half reaction: 1/2O2 + 2H+ + 2e-       H2O E0
 = 1.229 V   (2.2) 

Overall reaction: H2 + 1/2O2        H2O E0
 = 1.229 V   (2.3) 

η
max

 = 
∆G

∆H
×100 = 83 % (2.4) 

 ΔG (kJ/mol) ΔH (kJ/mol) 

 H2 + 1/2O2        H2O     at 25°C                     -237.34                     -286.02 

   Table 2-1: Thermodynamic parameters of water formation reaction.  
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a catalyst in both anode and cathode, to improve the kinetics of the electrochemical reactions. 

The most widely used material, especially in PEMFCs, is a platinum-based and carbon-

supported (Pt/C) catalyst [7,8]. The exchange current density (i0) for the hydrogen oxidation 

reaction (HOR) and oxygen reduction reaction (ORR) on platinum (Pt) catalyst is at a level 

of 10-3 and 10-9 A/cm2, respectively [13,37]. It shows that the HOR rate is much faster 

compared to ORR. The sluggish oxygen reduction process leads to high Pt loading in the 

cathode, increasing overall PEM fuel cell costs. Among the other issues such as water 

management [29,38], durability related to carbon corrosion [39] and catalyst poisoning with 

carbon monoxide [13,40], high costs of Pt and its limited resources hinder the 

commercialization of fuel cells the most [8]. 

2.1.3 Catalytic layer 

Electrochemical reactions in the fuel cell occur in the catalytic layers. The cathodic catalytic 

layer (CCL) where slow ORR takes place, typically consists of Pt nanoparticles (NPs) 

dispersed on carbon support covered with an ionomer as presented in Figure 2.2. The catalytic 

layer at the anode side of the MEA has a similar composition but requires lower Pt loading 

due to faster kinetics of HOR.   

 

Figure 2.2: Triple-phase boundary in CCL [11]. 

The conductive and porous carbon support provides transport paths for electrons and gaseous 

reagents (oxygen), whereas the ionomer phase conducts protons exclusively. Oxygen 

reduction will take place only at these catalytic sites, where Pt NPs are in direct contact with 

electrons, protons and gaseous oxygen simultaneously. Such 3-phase contact is called  

triple-phase boundary (TPB) and corresponds to the electrochemically active sites within the 

catalytic layer [12–14]. Thus, it should be directly recognized that the CCL in the MEA and 
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its microstructure is of great importance since it has a crucial influence on the overall fuel cell 

performance. 

The target of the United States Department of Energy (U.S. DOE) is the reduction of platinum 

group metal (PGM) content to 0.125 mg PGM/cm2 in both electrodes of MEA in order to 

achieve a rated stack power density of 8.0 kW/g Pt. This value corresponds to 8 g PGM per 

vehicle and is similar to the PGM amount in the catalytic converter of a combustion engine 

[7,41]. The current state of the art for MEA Pt loading is at the level of 0.40 mg/cm2 in both 

electrodes, where ~0.05 mg/cm2 is used in the anode and ~0.35 mg/cm2 in the cathode [42]. 

Thus, a 3-fold lower Pt amount in the MEA is required to meet U.S. DOE targets and make 

fuel cell vehicles competitive to combustion engine cars. Increasing the availability of the 

active Pt in the CCL would decrease Pt loading in the MEA and positively impact fuel cell 

costs, and therefore their commercialization. Tremendous research efforts are dedicated to the 

optimization of CCLs by searching for new catalyst materials or modifying the support 

radically. An interesting approach is the colloidal tuning of the catalyst microstructure. As an 

advantage, although the colloidal optimization might improve electrochemical performance, 

this requires neither synthesis of new materials nor novel preparation techniques for CLs.    

2.1.4 Fuel cell design 

Apart from the catalytic layers being responsible for the cell operation, the flawless 

performance of the PEMFC is determined by several other components (Figure 2.3).  

                     

Figure 2.3: Schematic design of a single PEM fuel cell [43]. 

Bipolar plates (BPs) are multifunctional elements of the cell. They ensure the uniform 

distribution of the hydrogen and oxygen in the cell, as well as the removal of water and heat. 

Additionally, they collect the produced electrical current, humidify gases and separate 

individual cells. BPs influence significantly the overall weight, volume and cost of the fuel 

1 – bipolar plate 

2 – gasket  

3 – gas diffusion layer  

4 – catalytic layer 

5 – membrane  
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cell. They can be manufactured from non-metal (graphite), metal or composite 

(polymer/carbon, polymer/metal) materials [28,44].  

Sealing gaskets are situated between the BP and MEA. They provide correct compression in 

the cell and prevent leakage of gases and liquids. The most appropriate materials for gaskets 

are polymeric elastomers (silicone rubbers, fluoro-elastomers, and hydrocarbon-based 

elastomers)  [45]. 

Gas diffusion layers (GDLs) are the backing of the catalytic layers, considered as a part of the 

MEA. Typically, they are made of porous carbon cloth or carbon paper of 100-300 µm 

thickness. Their porous nature is responsible for the effective transport of gaseous reactants 

to the catalytic layers. Just like BPs, GDLs take part in water management, allowing water 

vapor to reach the membrane and keep it humidified (anode side) as well as expelling liquid 

water after ORR (cathode side) and preventing the cell from flooding. To this end, GDLs are 

typically impregnated with polytetrafluoroethylene (PTFE), with commercial name Teflon 

from Chemours (earlier DuPont) as a waterproofing agent, to avoid blocking of the pores by 

water and provide fast gas diffusion rates. The carbon phase in GDLs is responsible for 

electron transport to/from the reaction sites [28]. 

The polymer electrolyte membrane (PEM) is sometimes called the proton exchange 

membrane in the literature, due to its property of selective conductivity. The main function of 

the membrane is the separation of the reactions by allowing only the transport of protons from 

anode to cathode. The PEM is made of perfluorosulfonic acid (PFSA) polymers, with the 

most widely used Nafion from Chemours. Due to its ionic conductivity, Nafion is classified 

as an ionomer. Its structure consists of a PTFE backbone with hydrophobic character and 

ether-linked, perfluorinated side-chains terminated with hydrophilic sulfonic acid groups 

(Figure 2.4 a). The membrane can operate efficiently in the presence of water, which acts as 

a charge carrier [40]. As soon as PEM gets hydrated, H+ ions are conducted via acid sites to 

the other side. The presence of a Teflon backbone is responsible for the high chemical 

resistance and mechanical strength of the membrane. Due to its solid-state, the issues related 

to electrolyte leakage do not occur in opposition to AFCs, operating with aqueous potassium 

hydroxide. In a well-hydrated PFSA membrane, a protonic conductivity of 0.2 S/cm can be 

reached (for a 100 µm-thick membrane), which corresponds to low cell resistance and small 

voltage loss [28]. However, if the membrane gets dehydrated, the proton conductivity will 

directly decrease and cell resistance increase [40]. It shows, that proper water management in 

the cell has a strong influence on the efficient operation of the PEMFC. Membrane hydration 
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is also the factor responsible for the limitation of the PEM fuel cell operating temperature. 

Recently, short-side-chain (SSC) ionomers, e.g. Aquivion from Solvay, are attracting more 

interest as potential materials for fuel cell membranes (Figure 2.4 b). 

 

Figure 2.4: Chemical structure of a) Nafion and b) Aquivion ionomer [46].  

The presence of shorter perfluorinated side-chains in their structure leads to increased 

crystallinity as well as to higher glass transition temperature (Tg), thus providing better 

mechanical properties and extension of operating temperature to higher values [47]. The 

molecular mass of ionomers is described by equivalent weight (EW) and is defined as the 

weight of polymer per 1 mole of sulfonic acid group. Since the ionic exchange capacity (IEC) 

is the inverse of EW [48,49]: 

IEC =
1000

EW
 

(2.5) 

SSC Aquivion ionomer shows higher IEC and therefore higher proton charge carrier 

concentration, compared to the most common EW 1100 Nafion ionomer [50]. Stassi et al.  

[51] achieved a power density of 870 mW/cm2 for a single cell based on Aquivion membrane, 

compared to 620 mW/cm2 for a Nafion membrane under similar operating conditions.  

A vast amount of research is focused on investigating membrane materials appropriated for 

high-temperature (HT) PEMFC. The operation of the fuel cell at elevated temperatures  

 EW (g/mol) IEC (mmol/g) Tg (°C) 

Nafion 1100 0.91 100 

Aquivion 830 1.20 140 

    Table 2-2: Properties of Nafion and Aquivion ionomers. 
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(120-200 °C), resolves the problem of water management since no liquid phase is present. 

Higher temperatures increase the kinetics of ORR, allowing the reduction of Pt loading or 

even its complete replacement with other, cheaper catalysts e.g. iron or cobalt. Above 140 °C, 

the tolerance to CO impurities increases, so high purity hydrogen as a fuel is no longer 

required. At this moment, a polybenzimidazole (PBI) membrane doped with H3PO4 is the 

only one that meets the U.S. DOE requirements [40]. However, acid leakage issues causing 

fast material degradation and thus affecting cell durability and its efficiency, and a long  

start-up process, determine HT PEMFC for stationary applications rather than transportation 

[50]. 

To obtain the desired power, the single fuel cells are organized in stacks. The voltage (V) is 

determined by the number of the individual cells, whereas the surface area of each cell 

corresponds to the current (A). The total electrical power (W) can be calculated from the 

equation [6]:  

Power (W) = Voltage (V) · Current (A) (2.6) 

Typical PEMFC stacks provide power from 1 to 100 kW. The objectives for fuel cell 

transportation systems of U.S. DOE for 2020 are 80 kWnet stacks of $40/kW costs, by the 

assumption that 500.000 units per year will be produced. Additionally, fuel cell systems 

should show a durability of 5.000 h, an efficiency of 65 % and a power density of 650 W/L. 

The status of fuel cell development in 2015 was represented by 60 % efficiency, 640 W/L 

power density, $53/kW costs, and 3.900 h durability. The ultimate targets of PEM fuel cell 

development are further cost reduction to $30/kW, an increase of efficiency and power density 

to 70 % and 850 W/L, respectively, and durability improvement to 8.000 h [41]. 

2.2 Catalyst support 

The performance and stability of the electrocatalyst used in fuel cells strongly depend on the 

properties of the support material. Proper support should have a high surface area to provide 

a high number of anchoring sites for catalyst NPs and high electric conductivity to deliver 

pathways for electron transport. Additionally, the material should possess a porous structure 

to allow smooth transport of gaseous reactants to the reaction sites, as well as water expulsion 

after ORR. Preferable are mesopores of 20-40 nm size (Table 2-3).  

 Macro Meso Micro 

Pore size (nm) ˃ 50 2 – 50 ˂ 2 

Table 2-3: IUPAC pore size  classification [52].  
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Finally, the support material should be chemically stable [53]. Carbon materials match all 

these requirements and therefore are the most suitable as catalyst supports. Within carbon 

materials, carbon blacks (CBs) are the most widely used. The market offers a variety of such 

materials (Vulcan XC72, Black Pearls 2000, Ketjenblack) with different surface area, 

porosity, and electrical conductivity, determined by the manufacturing process. Their low 

costs and high availability compensate such issues as poor corrosion resistance and the 

presence of micropores in the microstructure [34]. 

Recently, a lot of research has been concentrated on investigating new carbon materials such 

as carbon nanotubes (CNTs), carbon nanofibers (CNFs), mesoporous carbons and graphene 

[15–20]. These materials possess a higher level of graphitization, compared to carbon blacks, 

and therefore excellent electrical conductivity as well as higher corrosion resistance. They are 

also characterized by a high surface area. These properties make them ideal candidates as 

catalyst support. However, such materials (CNTs, CNFs) are chemically inert and require 

further modification prior to catalyst deposition. Low production yields, high costs, and 

complicated preparation procedures (e.g. exfoliation of graphene sheets from graphite), 

hinder their application as catalyst support [10,34]. 

2.2.1 Vulcan XC72R carbon black 

Vulcan XC72R is a powdered form of pelleted Vulcan XC72 conductive carbon black from 

Cabot Corporation. Vulcan XC72R has a low content of sulfur impurities and compared to 

the XC72 form it is more difficult to handle, but has better processability and it is easier to 

disperse [54]. Its structure consists of primary particles with spherical shape and 30-50 nm 

size [53]. A single particle consists of para-crystalline structures, namely turbostratic  

graphite-like domains, where single graphene layers have a wider interplanar spacing of  

0.35-0.38 nm, compared to ideal graphite (0.335 nm) [55]. In the primary particle, the single 

crystals are aligned concentrically. Well-defined graphite domains are formed at the outer 

part of the particle. In the central part, the domains are getting smaller, randomly organized, 

with amorphous character. Such a structure explains faster oxidation and thus corrosion inside 

the carbon black particles than at their outer part [56,57]. Primary particles are organized in 

primary agglomerates of ~250 nm size [34], which can further aggregate due to van der Waals 

attraction forces, leading to a chain-like, electrically conductive structure as presented in 

Figure 2.5. Since the carbon black structure is based on graphite, the crystalline graphitic part 

of carbon black has a sp2 configuration, involving 3 electrons assigned to sp2 orbitals in a 

trigonal planar arrangement. The fourth electron assigned to a pz orbital lying perpendicular 
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to the triangular plane, forms weaker, delocalized π bonds with neighboring carbon atoms 

[55,58]. These bonds are responsible for the electric conductivity of carbon black.  

A compromise between good electric conductivity (4.0 S/cm), relatively high surface area of 

254 m2/g and stability in basic and acidic media makes Vulcan XC72R one of the most 

commonly used carbon materials as catalyst support [9,10]. Liu et al. [59] compared the 

catalyst supports Vulcan XC72 and Ketjenblack (KB) of higher surface area (~800 m2/g) and 

observed smaller particle size and better Pt dispersion on the latter material. However, 

electrodes based on Vulcan revealed better proton conductivity and higher resistance to 

corrosion. Similar results were reported by two other independent research groups. G. Wang 

et al. observed higher electrochemically active surface area (ECSA) of Pt and better 

performance of Black Pearls 2000 support with higher surface area (~1500 m2/g) whereas 

J. Wang et al. stated higher corrosion resistance of Vulcan XC72R compared to Black Pearls 

2000  [60,61]. 

 

Figure 2.5: Carbon black structure: a) spherical primary particles forming agglomerates, b) primary particle 

consisting of graphite-like domains, c) single domain [56]. 

2.2.2 Carbon support durability  

Despite their extensive use as support for catalysts, carbon blacks have certain drawbacks. 

Organo-sulfur compounds, which are residues from the manufacturing process act as 

impurities. Additionally, the presence of micropores in the microstructure can negatively 

influence catalytic activity. Pt NPs located in pores of micro-size are catalytically inactive 

since large ionomer particles cannot enter small pores to get in direct contact with Pt and 

provide protons for the ORR [34,55]. However, the durability of the carbon black supports is 

the most serious issue. 

The carbon oxidation reaction (COR) in aqueous acid electrolytes proceeds via mechanism 

(2.7) [62,63] and is thermodynamically possible at PEMFC operating potentials, but its rate 

becomes more significant with increasing potential and depends strongly on operating 

conditions such as load cycling or start-up/shut down events.                                                                          
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Generally, the fuel cell degradation rate is dominated by the load cycling (~56 % in proportion 

to all degradation mechanisms) [64], which takes place in the potential range 0.6 < E < 1.0 V 

vs. RHE. The load cycling protocol essentially leads to dissolution and aggregation of Pt NPs 

via electrochemical Ostwald ripening, migration/aggregation of Pt due to particle collision 

kinetics as well as carbon corrosion [39,65]. In this potential range, the COR is additionally 

catalyzed by Pt nanoparticles [66]. However, Castanheira et al. [39] stated that in the load 

cycling process, the carbon support has a minor effect on fuel cell degradation. Only at higher 

potentials (1.0 < E < 1.5 V vs. RHE), the carbon corrosion starts to play an important role in 

terms of fuel cell degradation. Such conditions correspond to start-up/shut down events i.e.  

temporary fuel starvation. During the start and stop process, both air and hydrogen are present 

on the anode. It leads to high potential differences between anode and cathode and causes  

so-called reverse-current, resulting in severe carbon corrosion [66,67]. Park et al. investigated 

CB behavior in the PEMFC catalytic layer under start-up/shut down conditions and concluded 

that carbon is susceptible to corrosion and decreases fuel cell performance [68]. The reverse-

current decay mechanism can also occur during fuel cell operation. Localized fuel starvation 

may take place because of uneven hydrogen flow between single cells in a stack. It occurs 

when water temporarily blocks the transport channels of bipolar plates. When the local 

hydrogen exhaustion in the catalyst layer takes place, oxidation of carbon occurs [65].  

Apart from the high electrochemical potential, several other operating conditions of PEMFC 

cathodes such as temperature, presence of water, acidic environment and oxidizing 

atmosphere (presence of O2) favor COR. Additionally, the nature of carbon material, namely 

its structure and surface chemistry have a strong impact on the corrosion rate [66]. 

Artyushkova et al. [69] claim that carbon materials of high graphitization level, low BET 

surface area, high amount of elongated, large pores and a small amount of oxygen-containing 

surface groups promote ORR reactions and are more resistant to COR.  

Carbon corrosion results in a decrease of the catalytic layer thickness and significant changes 

in the pore structure. The consequence is mass transport losses and increased electronic 

resistance of the electrode [66]. When the carbon is oxidized, the interaction between Pt NPs 

and carbon support is weakened and may result in detachment of Pt from the carbon surface, 

decreasing the catalytic activity of the catalyst. All together results in a diminution of the 

overall fuel cell performance [61].  

                          C + 2H2O         CO2 + 4H+ + 4e- E0
 = 0.207 V (2.7) 
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2.2.3 Manufacturing process  

Carbon black materials are typically produced by thermal combustion of hydrocarbons. The 

most commonly used is a furnace method. In this approach (depicted in Figure 2.6) natural 

gas and oil from petroleum processing serve as fuel. Starting materials are introduced into the 

furnace and burned with a limited supply of air at around 1400 °C [10]. After completion of 

reactions, the high-temperature gas with carbon black formed is sprayed with water to quickly 

lower its temperature and suppress further reactions. However, some reactions with oxidizing 

components of furnace gases still occur and lead to oxygen-containing groups on the carbon 

surface [9]. The time between carbon black formation and the end of the reaction is very short 

(less than 2 seconds). By varying manufacturing conditions (temperature and time of the 

reaction, reactor design), carbon blacks of different particle size and structure can be produced 

[70,71]. 

 

Figure 2.6: Manufacturing of carbon black via furnace method [72]. 

After manufacturing, carbon black can undergo further graphitization processes to achieve 

better corrosion resistance [70]. Graphitized carbon black is obtained by recrystallization of 

the spherical carbon black particles at high temperatures (2500-3000 °C). The process 

temperature determines the degree of graphitization. A more expensive carbon black variant, 

namely acetylene black finds also application as catalyst support, but to a lesser extent. It is 

produced by thermal decomposition of acetylene, in the absence of oxygen, resulting in a 

higher purity level. High manufacturing temperature (>2500 °C) leads to a higher 

graphitization degree, compared to furnace CBs [9].  

In the ‘90s, activated carbon was a popular material as catalyst support. The manufacturing 

of activated carbons consists of simultaneous carbonization and activation with different 

agents. One approach is thermal decomposition at 600-800 °C of raw material in the presence 

of an activating agent (e.g. H3PO4). In another, steam-activated approach, pre-carbonized 

material at 600-800 °C under no/or limited air supply is subsequently activated at  

800-1100 °C under steam or CO2 conditions. The main raw materials used for activated 

carbon production are wood, coal and coconut shell [9]. 
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2.3 Carbon support activation 

After the manufacturing process, oxygen functional groups are present on the carbon black 

scaffold. However, further chemical activation of carbon is typically required, in order to 

introduce more oxygen functional groups on the carbon surface prior to catalyst deposition. 

Such groups play an important role in metal-support interaction and therefore influence 

significantly the preparation process of the electrocatalyst and its performance [53]. Apart 

from the chemical pretreatments, the carbon surface can also undergo thermal activation.  

2.3.1 Chemical pretreatment 

The chemical activation via oxidation leads to the attachment of oxygen-containing functional 

groups (OCFGs) to the carbon surface. A summary of possible surface oxides is presented in 

Figure 2.7. Such groups differ concerning their character. Carboxyl, lactone, lactol, phenol 

(hydroxyl) and anhydride are acidic, whereas pyrone, carbonyl, ether, and quinone have 

neutral or weakly basic character [27]. Several techniques allow to quantitatively determine 

OCFGs on the carbon surface. X-ray photoelectron spectroscopy, Boehm titration, infrared 

spectroscopy, and thermal desorption spectroscopy are the most frequently used [27,34].   

 

Figure 2.7: Possible oxygen functional groups on the carbon surface [27]. 

Introduction of surface groups can be performed via wet oxidation with multiple oxidative 

agents (e.g. HNO3, H2O2, (NH4)2S2O8, H3PO4) [23–27] as well as by dry oxidation, using 

gases such as steam, ozone, air or oxygen plasma [27,73]. The most widely used is, however, 

the wet oxidation approach. The oxidative treatments promote the formation of acidic sites 

and decrease the number of basic ones [10,34]. Thus, the presence of the OCFGs is 

responsible for acid-base as well as redox properties of the carbon support [53,70]. Noh et al. 

[74] investigated the influence of the oxidation treatment with HNO3 on the acid/base 

properties and recognized that surface oxidation leads to the decrease of the point of zero 

charge (PZC) value and thus increases the surface acidity. Similar results were observed by 

Moreno-Castilla et al. [75]. Different oxidative treatments resulted in lower pHPZC value, 
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compared to the untreated carbon surface. The changes in pHPZC were the following: H2O2 > 

HNO3 > (NH4)2S2O8. It shows, that oxygen groups provided by treatment with H2O2 have the 

least acidic character.  OCFGs influence catalyst deposition mechanisms such as adsorption, 

ion-exchange, coordination as well as deposition of metallic species via a redox reaction [70]. 

Carbon materials typically have more negative redox potential than species to be deposited, 

therefore simultaneous adsorption and reduction processes are possible [9]. Applying 

oxidative treatment to the carbon surface reduces its hydrophobicity, making it more 

accessible to the Pt complexes in aqueous solutions. Thus, better anchoring and distribution 

of Pt NPs is expected [21]. The interactions between metal and support are considered to have 

a strong influence on the dispersion of Pt NPs on the carbon surface, as well as on their growth 

and structure, and thus potentially improve stability and catalytic activity of the catalyst [53]. 

The literature provides contradictory reports regarding the effects of carbon support 

pretreatment on the Pt dispersion. According to some research, the introduction of oxygen-

containing groups on the carbon surface enhanced Pt dispersion and even increased it with a 

higher number of surface groups [76,77]. Contrarily,  Fraga et al. [78] observed a decrease in 

the Pt dispersion after applying different oxidative treatments with HNO3. It was attributed to 

the increase of total surface oxygen and thus the destruction of basic sites, which act as 

anchoring centers for PtCl6
2- complexes. Torres et al. [79] investigated the influence of 

different oxidative agents (HNO3, H2O2, and O3) on the character of the functional groups. 

Treatment with HNO3 produced high amounts of both strongly acidic and weak acidic sites, 

whereas H2O2 and O3 delivered primarily weak acidic groups. Additionally, they observed 

stronger Pt-C interactions in supports of low acidity, treated with weak oxidants (H2O2 and 

O3) and therefore high Pt dispersion on these supports. Another research group tried to 

investigate the relationship between the type of Pt precursor used and the oxidative treatment 

of the support. They showed that acidic surface oxygen groups promoted anchoring of 

[Pt(NH3)4]
2+ complexes from a basic aqueous solution, whereas impregnation with H2PtCl6 

was not affected. Additionally, oxidized support hindered Pt reduction [80].  

Regardless of the disputatious opinions, these oxidative treatments, which increased Pt 

dispersion on the carbon, positively affected catalytic activity as well. Wang et al. [81] 

reported on increased catalytic activity for methanol oxidation of Pt-Ru/C catalyst supported 

on O3-treated Vulcan XC72, compared to the untreated variant. Kim et al. studied the 

influence of acid/base treatments of carbon blacks on the electrocatalytic activity as well as 

on the nanostructure of the catalyst. Base-treated CB with KOH showed the smallest Pt 

particle size of 2.65 nm and the highest loading efficiency of 97 %, compared to 38 %  
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of acid-treated CB with H3PO4. Augmented catalytic activity was noticed for basic and neutral 

treatments, whereas acidic treatment resulted in diminished catalytic activity [82,83].  

Apart from the influence on the Pt dispersion and catalytic activity, oxidative treatments affect 

the stability of the catalyst and structural properties of the support. Chen et al. [24] observed 

the sintering of the Pt NPs after potential cycling tests. The agglomeration rates were much 

lower in the case of carbon support pretreated with HNO3 and H2O2, compared to pristine 

material. H2O2-pretreated Pt/C catalyst showed even higher electrochemical stability than  

HNO3-treated, with respect to the Pt particle size and electrochemically active surface area 

(ECSA) values. Gomez de la Fuente et al. [23] observed a significant reduction in specific 

surface area of Vulcan XC72R, after applying treatment with HNO3, but no noticeable 

changes after treatment with H2O2. Kumar et al. [25] confirmed this result for HNO3, but also 

noticed observable surface reduction after treatment with H2O2, in both cases accompanied 

by a decrease in the micropore volume. Such differences indicate, that the concentration of 

the oxidative agents, as well as treatment parameters (time and temperature), have a crucial 

influence on the physical properties of the carbon support. Extremely harsh oxidative 

conditions can result in partial destruction and even breakdown of the carbon structure [84]. 

The presence of oxygen-containing groups on the carbon scaffold is responsible for the  

colloid-chemical behavior in dispersion, namely surface charges, and agglomeration 

tendencies. Carmo et al. [21] tried to characterize the influence of oxidative treatment with 

HNO3 on the Vulcan XC72R stability in 0.01 M KCl solution and observed a change from 

positive zeta potential values for untreated Vulcan to negative values after applied treatment. 

Additionally, a smaller size of carbon agglomerates was noticed, and thus better dispersibility 

in aqueous solution.  Esumi et al. [85] also observed an increase in negative potential values 

after applying plasma treatment to meso-carbon microbeads. This effect was confirmed again 

in the case of carbon fiber oxidation [86]. However, a systematic characterization of the 

OCFGs influence on the Vulcan XC72R colloidal stability is still not well-established in the 

literature. Since the CLs are most frequently prepared from catalyst inks, it could be expected 

that the colloidal stability of the catalyst in dispersions would strongly influence the formation 

of the catalytic layer microstructure, and thus its catalytic performance.  

2.3.2 Physical pretreatment 

The physical activation of carbon support consists of thermal treatment at high temperatures 

(800-1100 °C) under an inert atmosphere in order to remove surface impurities. A 

combination of physical and chemical treatment by applying heat activation in the presence 
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of air or steam is also a common approach [10]. Wang et al. [87] applied thermal treatment 

followed by steam-etching to Vulcan XC72 prior to Pt deposition. In the case of steam-etched 

support, the carbon surface area significantly increased, leading to better uniformity of Pt 

dispersion as well as smaller Pt particles, and thus higher ECSA values. Such observations 

were attributed to the increase of defects and the more amorphous character of the support 

after steam-etching, resulting from carbon corrosion. As a result, faster ORR kinetics were 

observed for steam-etched catalysts, compared to untreated Vulcan, or commercial catalyst. 

Intermediate steam-etching conditions, where samples showed a higher level of crystallinity, 

delivered the best catalytic activity, compared to etching for an extended time.  

It has been established, that thermal treatment also affects the character of the surface groups. 

By applying temperature, desorption of OCFGs as CO or CO2 occurs. It leads to the reduction 

of acidic species and increase of a basic surface character, due to a higher number of π bonds 

and formation of pyrone-like structures. Additionally, while thermal treatment, the 

graphitization of the carbon support can take place [70]. In relation to Pt deposition, 

decomposition and redistribution of surface groups during heat treatment can impact the 

dispersion of Pt catalyst. Antolini et al. [88] applied thermal treatment in the range 200-700 °C 

under argon atmosphere to Pt/CB catalysts and observed thermal sintering of Pt NPs at 

relatively low temperatures, resulting in the growth and then crystallization of the metal 

particles.  

2.4 Pt catalyst  

High activity and durability in acidic media make Pt to be considered the best electrocatalyst 

for the ORR reaction [3]. The electrochemical activity of the catalyst depends strongly on its 

structure, morphology and particle size. Thus, a vast amount of research is dedicated to the 

development of new Pt-based catalyst materials. Most experiments focus on the increase of 

the ORR activity and simultaneous decrease of the Pt amount by the introduction of other 

transition metals to the Pt catalyst [89–92], but also on synthesizing different shapes and 

morphologies [93–97]. 

2.4.1 ORR mechanisms  

ORR can proceed through a direct, four-electron pathway or an indirect, two-electron pathway 

[98]. The favorable mechanism is the 4-electron pathway, where oxygen reacts directly with 

hydrogen, forming water (equation 2.8). The 2-electron pathway consists of the formation of 
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hydrogen peroxide first, which is either desorbed or further reduced to water (equation 2.9 

and 2.10) [34].  

The mechanisms of the presented reactions are complicated, including multi-electron transfer 

processes and involving different possible intermediates adsorbed on the Pt surface (O, O2, 

H, H2, OH, OOH, H2O2, H2O) [3]. 

The rate of oxygen reduction reaction is determined by the kinetic current I (A) expressed by 

the equation (2.11). Kinetic current value normalized by the area of the electrode results in 

kinetic current density i (A/cm2), typically used to describe fuel cell performance  [7,99–102]: 

In the equation presented above, n is the number of electrons transferred in the  

rate-determining step, F is the Faraday constant, k is the rate constant,  x is the number of Pt 

sites per adsorbed ion, R is the gas constant, β and γ are the symmetry factors (assumed to be 

½), E is the applied potential (standard is 0.9 V vs RHE), cO2 is the concentration of oxygen, 

T is temperature, Θad is the fraction of electrode surface sites covered by adsorbed species e.g. 

anions (Θanions) and OH (ΘOH) and ΔGad is Gibbs free energy of adsorption of reactive 

intermediates. It is assumed, that reactive intermediates other than O2 and OH  

(e.g. O2
-, HO2

-) adsorb to a low extent, and therefore are not significant. Summarizing, the 

ORR reaction rate is determined by the number of free sites available for oxygen adsorption 

(1- Θad) and/or changes of ΔGad of O2 and OH adsorption. The rate-determining step of the 

ORR reaction is the first electron transfer to O2ad: 

Pt(O2)ad + e-         Pt(O2
-)ad (2.12) 

accompanied by oxygen adsorption on the Pt surface primary covered by OHad. Any means 

to influence the surface electronic or atomic structure in order to delay OH adsorption and 

therefore prevent blocking of O2 adsorption would positively impact the specific surface 

activity (SA) of the ORR reaction. SA is a kinetic current value normalized by the surface 

area of Pt. Dividing the kinetic current by the mass of Pt catalyst results in mass activity (MA) 

O2 + 4H+ + 4e-        2H2O
 (2.8) 

O2 + 2H+ + 2e-        H2O2 (2.9) 

H2O2 + 2H+ + 2e- 2H2O (2.10) 

I =  nFkcO2(1 − Θad)x exp (−
βFE

RT
)  exp (−

γΔGad

RT
) 

 (2.11) 
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[103,104]. Commercially available Pt/C catalysts have a SA of 0.15-0.2 mA/cm2 Pt and MA 

at a level of 0.1-0.12 A/mg Pt, measured in MEA. DOE’s targets regarding MA and SA are 

0.44 A/mg Pt and 0.7 mA/cm2 Pt, respectively [7].  

In catalysis, the Sabatier concept claims that the interaction between catalyst and reactants 

should be neither too strong, nor too weak. Since ORR activity is determined by oxygen 

adsorption, the binding of the reactants should be strong enough to allow dissociation of the 

O2 double bond, but also weak enough to avoid blocking of the active sites with strongly 

adsorbed intermediates (OH) and release water molecules easily [105,106]. Within all single 

metal catalysts (e.g. Pd, Cu, Ir, Ag, Au, Co, Ni, and Ru), Pt shows the best activity towards 

ORR, due to its appropriate electronic structure for oxygen as well as OH-binding energies, 

even though they are slightly higher than optimum [3,106,107]. Stephens et al. [106] reported, 

that an optimal catalyst should have an OH binding energy ~0.1 eV weaker than Pt, whereas 

Gavartin et al. [107] claimed, that Pt binds oxygen on the surface a little stronger than the 

optimal catalyst. Thus, any method which could lower the binding energies, make reactive 

intermediates less stable and result in accelerated ORR rates is highly welcome.  

2.4.2 Structure and morphology 

Pt has a face-centered cubic (Fcc) structure. Typically, low-index (111), (100) and (110) 

planes can be found on the surfaces of single-crystal bulk Pt. The most common Pt 

nanocrystals have single crystalline character and shape derivated from conventional 

polyhedra enclosed by (100) and (111) planes. The typical shapes are cuboctahedra, with a 

mixture of both planes, cubes limited by (100) facets, as well as tetrahedra and octahedra 

enclosed by (111) planes. The commercial Pt/C catalysts are usually based on Pt nanocrystals 

of polyhedral shape, enclosed by a mixture of (100) and (111) planes. For example, the 

distribution of surface atoms in the commercial ETEK Pt/C catalyst consists of 68 % at (111) 

planes, 21 % at (100) planes and 11 % at corner and edge sites [3]. In terms of Pt catalyst 

application in PEMFCs, the studies of Pt nanocrystals in the Nafion presence revealed, that 

(111) planes have higher activity than (100) facets, especially at high current densities. Thus, 

a high number of (111) facets in Pt catalysts is preferable for ORR [108]. It has been 

suggested, that high index planes with high densities of atomic steps and edges, which act as 

active sites for breakage of chemical bonds have higher ORR activity than low index planes 

[109]. However, the preparation of new Pt nanocrystals of unconventional shapes with  

high-index planes is complicated due to their high surface energies [110]. Under ORR 

conditions their stability is low since they try to turn into thermodynamically equilibrated 
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shape. On the other hand, a high number of surface defects (edges sites, corners, etc.) is related 

to an increased number of under-coordinated Pt atoms with stronger binding energies for O2 

and OH, compared to atoms on the flat planes, what could result in hindering of ORR kinetics. 

Such an effect is attributed to significant changes in the d-band electronic structure of Pt 

[3,105]. 

Apart from the most widely investigated 0-dimensional (0-D) Pt NPs, other morphologies 

such as highly branched 1-D nanostructures or 2-D thin films have been recently developed 

[3,7]. 1-dimensional Pt nanotubes, nanowires or nanorods are characterized by their high 

aspect ratio (their length is many times that of their width). Liu et al. [111] synthesized ultra-

thin Pt-Ag nanotubes and presented enhanced electrocatalytic activity in the methanol 

oxidation reaction with improved MA and SA values, compared to commercial Pt/C catalysts. 

Another kind of non-conventional materials are so-called extended surface area catalysts, 

where Pt thin films are coated on high aspect ratio support materials (e.g. carbon nanotubes, 

polymer fibers) [7]. Within these materials, nanostructured thin-films (NSTF) on organic 

(pigment) whiskers support, attract much attention. NSTF could resolve the problem of 

carbon corrosion since catalyst support is no longer required. Their higher SA is compensated 

however by lower ECSA, resulting in comparable performance to available Pt catalysts 

supported on high surface area carbon blacks [112]. 

2.4.3 Pt size effect on ORR 

No systematic solutions have been presented so far, to explain the relationship between Pt 

particle size effect and ORR activity. However, some attempts were made to investigate this 

complex phenomenon. It has been suggested that it is related to particle size distribution, 

shape and inter-particle distance [3,113]. Commercial catalysts offer Pt NPs of 2-5 nm size, 

dispersed on high area porous support in order to enhance ECSA. Shao et al. [105] 

investigated the influence of the particle size on catalytic activity in the particle size range  

1-5 nm. First, they observed a significant increase in the mass activity with the increase of 

particle size from 1.3 to 2.2 nm, accompanied by fast specific activity increase. While further 

increasing the particle size, MA decreased gradually and a much slower SA increase was 

noticed. Such results were attributed to the varying oxygen binding energies for different 

sizes. The low specific activity in the particles below 2.2 nm was attributed to predominant 

edge sites with strong oxygen binding energies. Additionally, for particles smaller than 

2.2 nm, all the surface sites, including (111) facets exhibit high oxygen binding energy, most 

likely due to the increased number of under-coordinated Pt atoms. In the case of particles with 
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bigger size, the surface sites are dominated by the presence of (111) facets with weaker 

oxygen binding energies, which corresponds to improved catalytic activity. Particles of 

2.2 nm size showed optimal binding energy and therefore the best ORR kinetics. On the other 

hand, Yano et al. [114] claimed that insignificant changes of surface electronic properties 

appeared for the particle size range 1-5 nm and thus the ORR activity was particle size 

independent. Nesselberger et al. [115] confirmed these results. The SA changes were 

negligible with decreasing the particle size and significantly increased MA values were rather 

attributed to a higher level of catalyst dispersion in the case of small Pt NPs than to changes 

in the surface structure. Speder et al. [116] investigated the proximity effect of Pt NPs with 

adjustable inter-particle distance, deposited on the carbon support. They showed, that the 

ORR kinetics depends on the distance between Pt particles and ORR activity increases with 

the decrease of inter-particle distance. The increase of Pt loading in the catalyst, accompanied 

by the reduction of the distance between Pt NPs resulted in the shift of the Pt oxide reduction 

peak to higher potentials. Such peak shift causes that the Pt surface is getting less oxophilic 

and therefore shows lower binding energy of OH species.  

2.4.4 Pt stability 

Degradation of Pt NPs under fuel cell operating conditions leads to catalyst losses and thus 

reduction of the catalytic activity and decrease of the overall fuel cell performance. Several 

mechanisms of Pt degradation can be distinguished (Figure 2.8).  

 

Figure 2.8: Degradation mechanisms of Pt particles in PEMFC [66]. 

Electrochemical Ostwald ripening (b) consists of dissolution of the small Pt nanocrystallites 

from the carbon surface into the ionomer phase and its subsequent re-deposition on larger Pt 

particles. It depends on several parameters e.g. particle size, pH, type of electrolyte, 

temperature, gas atmosphere and potential range [62,117,118]. It may proceed via a single 

electrochemical step, where Pt is oxidized directly to Ptz+ ions (z: 2 or 4), or more complicated 

formation of Pt surface oxides and their further chemical or electrochemical reduction to Ptz+ 



  Literature review 

39 

[119]. The dissolved ions can also diffuse and precipitate in the membrane, decreasing its 

proton conductivity [39,65]. 

In the agglomeration mechanism (a) driven by collision kinetics, the particles migrate on the 

carbon surface to finally aggregate or sinter, decreasing the Pt catalyst surface area. The 

mechanism suggests, that even uniformly dispersed NPs will be driven together on the carbon 

support [65]. The extent of Pt migration and agglomeration depends on the Pt loading, as well 

as specific surface area and pore size of the support. Electrocatalysts with high Pt content are 

more susceptible to this mechanism [120]. Additionally, the degradation of the support 

surface area due to carbon corrosion promotes Pt drifting and agglomeration. The 

electrochemical oxidation of the carbon support can eventually result in Pt NP detachment 

from the carbon surface (c) [66].   

Another factor having a negative influence on the catalytic performance is the poisoning of 

the catalyst with CO. Hydrogen manufactured by steam reforming of hydrocarbons leads to 

some CO impurities. Since the Pt catalyst has a strong affinity to CO, especially at low 

operating temperatures of the PEMFC, even small amounts of CO in the hydrogen (ppm 

range) can result in CO adsorption on the Pt surface at the anode side of the MEA and blocking 

of catalytic sites necessary for H2 oxidation. Bimetallic alloys (e.g. PtRu) are typically applied 

in systems operating with impure hydrogen since Ru has the ability to electrooxidize CO 

[1,121]. 

2.4.5 Catalyst design 

The design of a new Pt-based catalyst is focused on the control of either Pt structure and 

morphology or surface electronic states. The development of Pt-based catalysts can be divided 

into three main material classes: pure Pt (commented in Section 2.4.2), core-shell Pt-based 

structures and Pt alloys, as shown in Figure 2.9 a. These approaches influence directly activity 

as well as the stability of the catalyst.  

The recent discovery by Stamenkovic et al. [122] of the Pt3Ni (111) crystal surface with 

outstanding SA value of 18 mA/cm2 Pt, 90 times higher than activity of commercially 

available Pt/C catalysts, stimulated the development of platinum alloys with transition metals 

(Pt-M) where M is e.g.: Ni, Co, Fe, Pd, Rh, Ru, Ti, V, Sc, Y [100,123,124] or even lanthanides 

[125]. Apart from the intensive development of binary systems in the past decades, ternary 

and quaternary systems have been recently investigated as well, in order to further enhance 

catalytic activity and stability [126,127]. By alloying Pt with other metals, the bonding energy 
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between catalyst and ORR intermediate species can be modified, resulting in the higher 

catalytic activity of ORR (Figure 2.9 b) [128]. Additionally, applying Pt alloys as a catalyst 

could reduce the total amount of Pt and therefore decrease fuel cell costs. Despite higher 

catalytic activity of Pt alloys, compared to Pt-only catalysts, alloyed systems suffer due to 

their instability. Under operating conditions of the fuel cell, the dissolution of less noble metal 

from the alloy into acidic ionomer solution takes place. In the long term, it leads to catalyst 

deactivation as well as serious ion contamination resulting in fuel cell degradation 

[3,129,130]. 

 

Figure 2.9: a) Pt-based catalyst design approaches [3]; b) Volcano plot: kinetic current density of different Pt 

alloys as a function of oxygen adsorption energy, presented relative to Pt; circles: Pt monolayers supported on 

single-crystal metal electrode, diamonds and squares: polycrystalline alloys, cross: bulk Pt3Ni (111) alloy 

[123]. 

The core-shell NP approach consists of manufacturing a Pt-based shell of several atom 

thickness on a single-metal core, such as Ir, Pd, Ru, Re, Au [131–133] or bimetallic core (e.g. 

Au-Ni, Pd-Co, Pd-Ir) [134–136]. Such systems exhibit high MAs since Pt is removed from 

the particle core as well as high SAs, due to the interaction between core and Pt monolayer, 

leading to optimization of surface electronic as well as structural properties [7]. The activity 

and stability of these catalysts can be tuned by adjusting the Pt shell thickness, the particle 

size, as well as the core composition [113]. Core-shell particles can be prepared via such 

methods as electrochemical dealloying, acid leaching, adsorbate or thermal-induced 

segregation, chemical reduction, underpotential deposition, etc. [3,113,131]. Apart from 

typical degradation mechanisms described in Section 2.4.4, in core-shell NPs additionally the 

evolution of Pt layer thickness and core-shell elements redistribution can occur. These events 

directly influence the activity and stability of such catalysts [3,113].  

Recently, some efforts have been made to produce Pt-free catalysts, in order to eliminate 

expensive noble metal completely. To this end, Pd-based catalysts or its alloys were 
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investigated [137,138]. However, their performance is not comparable to Pt catalytic activity. 

Another approach introduces non-precious metal catalysts into nitrogen-coordinated 

structures MNx (where M: Co, Fe) [139–141]. Nevertheless, their poor durability, as well as 

catalytic performance at potentials lower than 0.6 V, make them unsuitable materials for fuel 

cell catalysts in automotive application. 

2.5 Pt/C catalyst preparation methods 

The preparation methods of Pt NPs supported on carbon are classified as physical or chemical. 

Within physical methods approaches such as sputtering of metals, vapor deposition or pulsed 

laser ablation can be distinguished [142–144]. Although these approaches offer high control 

of deposition parameters, significant material losses are involved during the deposition 

process. Additionally, physical methods are rather suitable for the preparation of catalysts 

with low Pt loading [145]. 

Simplicity and better control over the size and shape of the NPs offer the chemical methods. 

Here, preparation methods such as impregnation-reduction, ion-exchange, colloidal or polyol 

methods can be differentiated [145]. Another important preparation method, namely 

electrodeposition will be characterized in Section 2.6.2, since it can be classified as catalytic 

layer preparation technique as well. In the colloidal methods, a Pt metal precursor complex is 

typically reduced in the presence of stabilizing agent and often organic solvent (e.g. hexane 

in “water-in-oil” w/o microemulsion approach). Sodium borohydride (NaBH4), hydrazine 

(N2H4) or hydrogen are common reducing agents [146–148]. Such approaches offer high Pt 

loading and good particle dispersion. A homogenous particle size distribution is reached by 

protecting the particles via steric or electrostatic effects [149]. However, the presence of 

stabilizing agents can decrease the catalytic properties of the NPs. Thus, additional washing 

steps in appropriate solvents or thermal treatment is required in order to remove protective 

agents [150]. 

In the polyol approach, high-boiling alcohols, with ethylene glycol (EG) most widely used, 

serve both as a solvent and reducing agent. Bonet et al. [151] reported that chemical reduction 

of noble metals by EG is thermodynamically unfavorable at room temperature. Therefore, 

heating of the EG to 160 °C (suggested by Bock et al. [152]) facilitates the complete reduction 

of metal species. The reaction mechanism involves oxidation of EG, resulting in glycolate or 

glycolic acid products (depending on the pH). Interestingly, glycolates act as stabilizing 

agents of metal NPs. Thus, controlling the glycolate concentration by pH adjustment has an 

essential influence on the size of Pt NPs [152]. Several other researchers also reported that 
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the pH value is a key parameter to control particle size, shape and dispersion of catalyst NPs 

[150,153,154]. Schrader et al. [155] investigated the effect of pH on the Pt particle size, 

prepared via the polyol method with EG and reported the decrease of particle size with 

increasing NaOH concentration. Such observations were also confirmed by Quinson et al. 

[156]. Various modifications of the polyol approach e.g.: in the presence of stabilizers, 

additional reducing agents or combined with microwave irradiation have been explored as 

well [157–160]. 

The ion-exchange method is not dependent on stabilizing nor reducing agents. Prior to the 

exchange, the carbon support is pretreated in order to introduce H+ ions into the acidic 

functional groups on its surface, followed by exchange against Pt cations from the precursor 

complex (Pt(NH3)4Cl2 or H2PtCl6). Finally, Pt ions are reduced at high temperature under 

hydrogen flow [161,162]. Despite of high and uniform level of Pt dispersion, such methods 

provided insufficient Pt loading (below 10 wt% Pt) in terms of automotive application [145]. 

Thus, the ion-exchange approach seems to be of minor importance, compared to other 

available chemical methods.  

2.5.1 Impregnation-reduction method 

Within all chemical methods, one of the most widely applied is the impregnation-reduction 

method, due to its straightforward and environmentally friendly character (no organic solvents 

nor stabilizing agents used). Typically, the Pt loading in the commercial catalyst is at a level 

of 20-60 % Pt. With the decrease of Pt amount, more catalyst has to be applied in order to 

provide the same Pt usage. It results in a greater thickness of the catalytic layer and can lead 

to hindering of the mass transport of gaseous reactants necessary for electrochemical 

reactions. Thus, high-loaded catalysts are particularly desirable [163]. On the other side, the 

preparation of the catalysts with high loading is more problematic. Increased Pt loading 

reduces available specific surface area of the support and promotes agglomeration of the NPs. 

For example, in commercially available E-TEK Pt/C catalyst, the particle size of 2.0, 3.2, and 

8.8 nm correspond to Pt loading of 10 %, 30 %, and 60 % Pt, respectively [164]. The 

impregnation-reduction approach allows the preparation of Pt/C catalysts, combining good 

particle dispersion on the carbon with high Pt loading. Pt NPs of size in the range of  

2-10 nm can be produced [25,163]. As its drawback, difficulties with the control of NP size 

distribution can occur in this method [165]. However, well-dispersed catalysts with metal 

loading as high as 60 wt% and narrow particle size distribution have been achieved by careful 

adjustment of preparation conditions [166].  
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The impregnation-reduction approach is a one-pot synthesis, which consists of deposition of 

metal ions from Pt precursor dissolved in aqueous solution on the carbon support, followed 

by the reduction to metal species. The reduction step can be carried out in the liquid phase, 

using NaBH4, N2H4, Na2S2O3 or formaldehyde (HCHO) as reducing agents, or as a gas phase 

reduction, under hydrogen flow at elevated temperatures [165,167–169]. Typically, 

chloroplatinic acid (H2PtCl6) serves as Pt precursor, however, in some alternative approaches 

sulfite, nitrate, or carbonyl complexes have been used in order to avoid chloride poisoning of 

the catalyst [167,170–172]. The impregnation-reduction process is highly influenced by 

synthesis conditions, especially temperature, reduction method and type of metal precursor 

[165]. Zhang et al. [173] investigated the influence of different reduction agents on the 

catalyst performance and stated, that the catalytic activity was increasing in the following 

order: N2H4 < NaBH4 < HCHO. Takasu et al. [167] prepared a PtRu/C catalyst for direct 

methanol fuel cells applying different Ru precursors. Catalysts based on RuNO(NO3)x or 

Ru3(CO)12 showed advantages in terms of catalytic activity, compared to RuCl3 precursor.  

Due to the strong impact of metal-support interaction in this approach, activation of the carbon 

support surface is of great importance (Section 2.3). A combination of the impregnation-

reduction method with the polyol approach, by applying EG as a solvent and/or reducing 

agent can improve the electrocatalytic properties of the catalyst [174]. Kumar et al. [175] 

observed higher activity of the catalyst prepared from differently pretreated carbon supports 

via impregnation-reduction method with EG as a reducing agent, compared to commercial  

E-TEK 20 % Pt/C. Nguyen et al. [169] tested different reducing agents in the impregnation-

reduction method. Although catalysts prepared via reduction with formaldehyde showed the 

best dispersion and the smallest particle size, Pt/C catalyst prepared via step-by-step reduction 

with NaBH4 followed by reduction with EG achieved the highest ECSA values. 

2.6 Catalytic layer preparation methods 

The preparation step of MEA is of great importance since it is responsible for the optimal 

operation of the fuel cell. Two basic approaches are known as MEA manufacturing methods. 

The first one consists of applying electrodes (anode and cathode) on the opposite sides of the 

proton conductive membrane, followed by a coating of the catalytic layers with GDLs. In the 

second approach, catalytic layers are first deposited on GDLs and subsequently applied on 

the membrane, typically via hot pressing. Within all MEA manufacturing steps, the 

preparation of the catalytic layer is the most important one. The CL should possess a structure 

with well-designed pore architecture, good mechanical stability and a high number of TPBs. 
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A vast number of CL preparation methods are available, applying the catalyst in different 

forms i.e. solid (dry spraying), gas (chemical and physical vapor deposition) or colloidal 

(brushing, printing, spraying, electrodeposition) [12,28–31]. However, the most significant 

ones are the colloid-based techniques, which require a catalyst in the form of a dispersion. 

Therefore, the adjustment of its colloidal behavior with respect to the CL fabrication method 

is essential.  

Several researchers investigated the influence of Pt and Nafion content on the CL 

performance using different electrode preparation techniques [176–178]. Qi et al. [179] 

reported the best catalytic performance at Pt loadings of 0.2 and 0.35 mg/cm2 for 20 and 40 % 

Pt/C, respectively. The electrodes were prepared via direct mixing of commercial E-TEK Pt/C 

catalyst with Nafion and water. The optimum Nafion content was estimated to be at a level 

of 30 %. Passalacqua et al. [180] reported a similar value of 33 %, for electrodes prepared via 

a spraying procedure, whereas Antolini et al. [181] suggested 40 % for spraying/brushing 

preparation method. Based on the literature data it can be assumed, that the optimal Nafion 

content ranges from 27-40 % and depends strongly on the fabrication method of the 

electrodes. Additionally, Sasikumar et al. suggested that the optimal Nafion content depends 

on the Pt amount and for Pt loading of 0.5, 0.25 and 0.1 mg/cm2 the Nafion concentration 

should be at a level of 20, 40, and 50 %, respectively [182]. 

2.6.1 Ultrasonic spraying method 

Within all the available technologies, the ultrasonically assisted spraying method is one of the 

standard approaches, characterized by its high reproducibility [183]. Concerning fuel cell 

commercialization, this approach additionally offers an easy scale-up of the electrode 

fabrication [184]. Typically, catalyst inks of low viscosity based on Pt/C catalyst, ionomer 

(Nafion), water, and organic solvent (isopropanol IPA or tetrahydrofuran THF) [185] are 

sprayed in several layers on the substrate, until the desired Pt loading is achieved. The 

substrate is fixed on a heated table to provide instant drying of the sprayed electrodes. Before 

spraying, the catalyst ink passes through an ultrasonic nozzle, where it is atomized into small 

droplets [183].  The catalyst dispersions have to possess sufficient colloidal stability during 

the spraying process in order to avoid agglomeration and precipitation before the droplets 

reach the substrate to form a wet layer and undergo solidification. After spraying and drying 

(evaporation of solvents i.e. water and isopropanol), the microstructure of the catalytic layer 

is fixed and cannot be altered anymore. Therefore, the variation of the colloid-chemical state 



  Literature review 

45 

of the catalytic inks is expected to directly impact layer formation, their microstructure and 

thus electrocatalytic performance. 

2.6.2 Electrodeposition method 

Recently, there is a constantly growing interest in electrodeposition techniques as the CL 

fabrication method due to their simplicity and low cost. Most of the research is focused on 

the electrochemical deposition (ECD) approach. In this process, dissolved Pt precursor 

complexes are reduced to metallic NPs and deposited on the conductive carbon substrate. This 

method allows uniform distribution of catalyst particles in the contact zone of the electrolyte 

with carbon. Current experiments in this field are focused on process optimization by testing 

different deposition parameters (waveforms, duty cycles, current densities) [186,187], as well 

as carbon substrate activation prior to ECD with plasma [73,188] or oxidation treatment [189]. 

However, in such an approach, the deposition is limited to the interface between the carbon 

substrate and the Pt solution. A promising solution to reach a more even distribution of 

catalytically active particles in CL is electrophoretic deposition (EPD). In the EPD approach, 

Pt/C catalytic particles in a dispersion containing Nafion polymer and solvent (typically IPA) 

are exposed to an electric field and deposited on a conductive substrate to form the CL. This 

method is capable to distribute Pt/C NPs evenly in the whole CL microstructure. The pulsed 

direct current EPD variant shows several advantages in comparison to continuous direct 

current EPD in terms of controlled adhesion to the substrate and uniformity of the deposition 

[186]. Felix et al. [190,191] investigated the suspension parameters required for this method 

whereas Louh et al. [192] tried to optimize the deposition process. Additionally, Adilbish et 

al. [193] tested the optimal Nafion content particularly for the EPD method and found that 

the microporous layer showed the best catalytic activity at 10 wt% Nafion content. Despite 

short processing times, adjustable thickness and uniform layer properties, pulsed EPD as a 

preparative method of Pt/C-based catalytic layers is still under-used. Additionally, surface 

conditioning of the precursor Pt/C particles for EPD and its influence on the catalytic layer 

formation has not been investigated yet. 

2.7 Stability of the colloids 

Pt/C catalyst inks are a typical example of a colloidal system. A colloid is a mixture, where 

particles of 1-1000 nm size are dispersed in a continuous phase. Such a system can be also 

called a colloidal dispersion, since particles are stable and evenly distributed in the solution, 

without sedimentation. If the particles are smaller than 1 nm, then the mixture is considered 
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to be a solution, whereas if the particles exceed 1 µm size, the system is called a suspension 

[194,195]. The stability of the colloids is described by the DLVO theory (Figure 2.10).  

 

Figure 2.10: Interactions in the colloidal dispersion and DLVO theory [22]. 

In the catalyst dispersion, the Pt/C nanoparticles dispersed in the aqueous medium are affected 

by two interactions: electrostatic repulsion and van der Waals attraction. The total interaction 

energy Etot is expressed by the addition of energy resulting from van der Waals attraction Evw 

and energy of electrostatic repulsion Eelec: 

Etot = Evw + Eelec (2.13) 

Evw = −
Aa

12D
 

(2.14) 

Eelec =
∈aζ

2

2
ln(1 + exp(−D)) 

(2.15) 

Evw depends on the distance between particles D and their radius a. A is the Hamaker constant. 

Eelec depends on a dielectric constant ϵ, radius of the particles a, zeta potential ζ, the distance 

between particles D and double layer thickness  (inverse Debye Hückel length parameter). 

Equation 2.14 and 2.15 are valid for spherical particles of the same size and with double layer 

thickness thinner than the particle radius [196–198]. As can be observed on the graph (Figure 

2.10), for a long distance between particles, the total interaction energy is close to zero and it 

is not affected by Evw and Eelec. First, when the particles get in closer contact (due to the 

intrinsic Brownian motion or external forces), the interactions are dominated by electrostatic 

repulsion, resulting in the development of a potential barrier. If the kinetic energy of the 

approaching particles will overcome the potential barrier, van der Waals attraction starts to 

play a role, leading to the agglomeration of the particles and destabilization of the colloidal 

system. This implies that with a higher potential barrier, better stability of the dispersion can 

be achieved [196,199]. As previously mentioned, the manufacturing process of CB leads to 
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the introduction of oxygen-containing groups on the carbon surface. Further 

functionalization, e.g. with nitric acid, leads to an increased number of i.a. COOH groups. In 

aqueous solution, dissociation to COO- and H+ ion occurs, resulting in negative charge of the 

particle. These charges are responsible for the electrostatic repulsion between individual 

carbon particles and their stability in the solution. Summarizing, the colloidal stability of the 

system can be influenced by electrostatic repulsion interactions. As presented in Equation 

2.15, it can be done by altering the ζ potential of the particles [194].  

A schematic representation of the ionic cloud around nanoparticle is depicted in Figure 2.11. 

Negatively charged particles produce an electric potential, leading to concentrated 

accumulation of counter (positive) ions on the particle surface (Stern layer). Following, the 

diffusion layer consists of a mixture of positive and negative ions. Positive ions are attracted 

by negatively charged particle and negative ions by positively charged Stern layer. Close to 

the Stern layer, a slipping plane occurs. All ions within this circle move together with the 

particle, whereas ions beyond slipping plane do not. The Stern layer together with the layer 

limited by the slipping plane form an electric double layer. The electric potential is the highest 

on the particle surface and it decreases gradually, with the distance. The electric potential of 

the double layer, measured on the slipping plane of the particle is called zeta (ζ) potential 

[22,200]. 

 

Figure 2.11: Electrical double layer and zeta potential of the negatively charged particle [201].  

The measurement of ζ potential allows to indirectly estimate the surface charge of the particle 

and is the most widely applied method, to experimentally determine the stability of the 

colloids. The higher the absolute ζ potential value is, the stronger the electrostatic repulsion 

between particles and therefore the better the colloidal stability. Classification of the stability 

with respect to the ζ potential values is following: ±0-10, ±10-20, ±20-30 and larger than 

±30 mV correspond respectively to highly unstable, relatively stable, moderately stable and 
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highly stable dispersions [202]. Additionally, in an aqueous medium, the ζ potential depends 

strongly on the pH of the solution. For negatively charged particles, in the acidic pH regime, 

the zeta potential values become more positive, whereas in basic regime more negative, due 

to protonation and deprotonation of surface groups, respectively. A change of the pH to acidic, 

at some point, might lead to complete neutralization of negative charges on the particle surface 

and a zeta potential value of 0 mV. The pH at which this phenomenon occurs is called the 

isoelectric point, where the system is least stable [199,203].  

2.8 Summary 

Considering the literature review presented, fuel cell technology is already at a quite advanced 

level. Intense research provided state of the art catalyst materials and well-established 

methods for MEA preparation. However, further improvements need to be undertaken. High 

Pt loading in the catalytic layers is the roadblock that has to be overcome in order to make the 

commercialization of fuel cells possible. Increasing the availability of the active Pt in the CCL 

would decrease Pt loading in the MEA and positively impact fuel cell costs. An interesting 

approach to achieve such a goal is a colloidal tuning of the catalyst microstructure. It requires 

neither the synthesis of new materials nor novel preparation techniques for CLs and still has 

the potential to improve their electrochemical performance. The adjustment of colloidal 

properties can be carried out by chemical oxidative treatments. The literature presents many 

examples, where oxidative treatments were applied to catalysts in order to investigate  

Pt-carbon interaction and its subsequent influence on catalytic activity, catalyst stability, and 

carbon support structural properties. However, no systematic study has been presented so far, 

to determine the influence of oxidative functionalization on the colloidal stability of the 

catalytic dispersions. Since the most important coating techniques require catalytic ink to 

prepare the active layer, the adjustment of its colloidal-chemical properties appears to be 

crucial. The introduction of oxygen-containing groups on the carbon surface provides 

negative electrostatic charges responsible for the colloidal properties of the catalyst. It is 

expected that by applying different variants of oxidative treatments the colloidal stability can 

be tuned and the formation of resulting CLs can be optimized. A combination of colloidal 

property modification with available CL preparation techniques might, therefore, provide 

guidelines on how to improve the CL microstructure and to increase their catalytic activity. 
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3 Aim and scope of the research 

3.1 Aim  

From the literature analysis presented above, it can be concluded that the colloid-chemical 

state of the precursor catalyst dispersion has a decisive albeit not well-understood influence 

on the CL microstructure and the properties of resulting MEAs. The hypothesis for this work 

is, thus, that analysis and control of standard colloid-chemical parameters like zeta potential, 

particle size, particle size distribution, and agglomeration kinetics in the precursor dispersion 

are correlated with the quality of MEAs in operating fuel cells. Such a relationship would 

allow to fine-tune colloid-chemical properties of electrocatalysts without the need to prepare 

fully operable MEAs and fuel cells. To achieve this goal, oxidative surface modifications to 

the Pt/C catalysts as a whole were applied. By functionalization with different agents and 

variation of treatment parameters, the ζ potential and therefore colloidal stability of the Pt/C 

dispersions can be tuned and adjusted. Together with CL preparation methods based on Pt/C 

catalytic inks, better control over the electrode microstructure, its porosity as well as its 

mechanical stability is expected, and therefore improved catalytic performance might be 

achieved. Such an approach might allow optimization of the CCL properties by fine-tuning 

of their morphology using available tools such as commonly known Pt/C catalyst composites, 

widely-used or facile CL preparation approaches, and well-established measurement methods 

instead of designing new catalyst materials and measuring setups or applying more 

complicated manufacturing techniques.  

At the end of the experimental procedure described in this work, the following research 

questions may eventually be answered: 

 Is it possible to influence the CL properties by employing electrostatic charges on the 

Pt/C electrocatalyst surface? 

 What is the significance of the magnitude of the charges (ζ potential) concerning the 

microstructure of the resulting layers? 

 Is there any interaction between ζ potential in the precursor dispersion and the 

electrocatalytic activity of the Pt catalyst?  

 What influence on investigated colloidal systems has the Nafion ionomer? 

 Is the suggested approach applicable to different Pt/C catalyst materials? 

 Can the electrostatic approach be applied to diverse, ink-based CL manufacturing 

techniques? 
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 What is the interaction between wet oxidative treatments and catalysts attached to a 

more complex, mixed-carbon support? 

Finding answers to the questions above would lead to a scientifically more solid 

understanding of the colloidal approach mechanisms for Pt/C catalyst precursor dispersions 

and provide a facile route of tuning the CL properties. Such a method could then be further 

extended to other catalytic systems as well.  

3.2 Scope  

Initially, the influence of oxidative treatments on the CL formation by applying the 

commercially used and highly reproducible ultrasonically assisted spraying method was 

investigated. Resulting CLs were subsequently processed to MEAs and their performance was 

tested in the PEM fuel cell under operating conditions. However, prior to the measurements 

of the PEMFC unit, the preliminary colloidal characterization of the catalyst dispersions, as 

well as analysis of the catalytic layers structure and their catalytic activity, have been 

performed. Such procedures provided sufficient insight into the experiments performed, 

allowing deep enough analysis of the correlation between electrostatic charges employed via 

oxidative treatments and their influence on the resulting CLs and their performance. The goal 

of this thesis, thus, was the evaluation of predictive test methods based on the colloid-

chemical and morphological properties of catalysts and layers formed from them, without the 

necessity to assemble and characterize complete fuel cells. This approach was applied to 

experiments with a facile, but so far not well-established method of CCL preparation: pulsed 

EPD of pre-treated catalysts. The colloidal properties after pre-treatment were characterized 

and linked with layer morphology and electrocatalytic activity after EPD. The procedure was 

tested on a straightforward Pt/C catalyst as well as more complex Pt/C/graphene composites. 

An experimental protocol particularly focused on the colloidal stability (determined via zeta 

potential and particle size measurements) as well as the structure of the CLs (characterized 

by SEM) and their electrocatalytic activity (analyzed via CV) was applied to these 

experiments in order to explore the CLs properties.  

In the first part of the experiments, a wide range of oxidative treatments was applied to the 

typical catalyst support Vulcan XC72R in order to achieve a systematic variation of surface 

functionalization. The pre-treated support was further dispersed into an ink and processed to 

layers via an ultrasonically assisted spraying method. The chemical-colloidal behavior of 

modified Vulcan was thoroughly investigated by measuring zeta potential and particle size in 

aqueous dispersions. The textural properties of carbon powders were compared via BET 
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analysis. The resulting layers were characterized with respect to their overall homogeneity, 

thickness, and conductivity. In the second step, identical oxidation procedures were applied 

to commercially available, highly Pt-loaded, carbon-based electrocatalysts that were 

processed to cathodic electrodes and also MEAs. The characterization included XRD 

measurements, electrocatalytic activity and cell performance in operating PEMFCs. 

Assembly and characterization of fuel cells in the second step were performed by ZBT GmbH 

in Duisburg following standard procedures.  

In the second part of the experiments, home-made Pt/C catalysts were synthesized via the 

impregnation-reduction method. The prepared electrocatalysts underwent several 

modification procedures as applied in the first part of the experiments. In this case CLs were 

prepared via pulsed EPD after customizing an existing set-up at FH Münster. The morphology 

of the synthesized Pt/C catalysts was characterized by XRD, TEM and BET specific surface 

area analysis. Parallel investigations into the colloidal stability of the catalyst dispersions were 

performed by zeta potential and particle size measurements. The microstructure of the 

resulting CLs was investigated using SEM imaging. Cyclic Voltammetry (CV) was applied 

to characterize the catalytic activity of the CLs by their ECSA which turned out to be strongly 

correlated with fuel cell quality in the first set of experiments. The main results of the first 

and second parts of the experimental work have already been published and are described in 

this thesis in Chapter 5 and 6 [204,205]. 

The third part of the experiments consisted of preparation of Pt/C catalysts based on  

Pt/Vulcan XC72R/graphene (Pt/C/G) composites. In the first step, graphene oxide (GO) 

sheets were exfoliated from graphite via the modified Hummers method. Next, Pt/C/G 

catalysts were prepared via the impregnation-reduction method. Synthesized catalysts then 

were further modified via oxidation procedures known from previous experiments. Similarly 

to the second set of experiments, the CLs were deposited via the pulsed EPD method and 

characterized with respect to the layer microstructure and their catalytic activity. 
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4 Characterization methods  

4.1 X-ray diffraction (XRD) 

Crystal structure characterization of Vulcan XC72R and Pt/C catalysts was conducted by a 

Miniflex II Desktop diffractometer from Rigaku with Cu - Kα radiation (λ=1.54056 Å). The 

measurements were performed in the 2θ range of 10-80° with 10°/min scanning rate and 

resolution of 0.02°. The size of Pt crystallites (diameter) was determined from the width of 

diffraction patterns, using Scherrer’s equation:  

d =  
K ·  λ

FWHM ·  cosθ
 

(4.1) 

where K is a dimensionless shape factor (0.94 for spherical crystallites), λ is the wavelength 

of  X-ray diffraction radiation (nm), FWHM is full width at half maximum for the peak of the 

highest intensity (rad) and θ is the diffraction angle (rad). The inaccuracy of crystallite size 

was at a level of ± 0.2 nm.  

4.2 Brunauer-Emmett-Teller (BET) specific surface area 

The nitrogen adsorption/desorption isotherms for the tested powders were measured with a 

BELSORP-max device from BEL Japan, Inc. Prior to measurements, the samples were 

pretreated in a vacuum, for 3 h at 300 °C to remove eventual humidity. Specific surface area, 

total pore volume and mean pore diameter were calculated using BET analysis. All tested 

materials showed the II type isotherm. 

4.3 Transmission electron microscopy (TEM) imaging  

The morphology of the Pt/C catalysts powders was investigated using a Philips TEM CM12 

transmission electron microscope. Pretreated for 5 min in an ultrasound bath, low-

concentrated aqueous catalyst dispersions were dropped on a Plano 200-mesh copper grid, 

coated with a Lacey polymer/carbon film. The samples to be investigated were dried in the 

air prior to imaging.  

4.4 Scanning electron microscopy (SEM) imaging 

The microstructure of the treated powders and deposited layers was analyzed with a Zeiss 

LEO 982 scanning electron microscope, equipped with a field emitter from Gemini. Powders 

were tested on a carbon-based, double-sided adhesive disc. Substrates with deposited catalytic 

layers were broken to provide access to the cross-section of the electrodes. Before imaging, 
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the samples were covered with a thin carbon layer using the high vacuum coating system 

Leica EM MED020 to increase their conductivity. The composition of the synthesized materials 

was confirmed by elemental analysis carried out by an Energy Dispersive Spectrometer unit 

coupled to the SEM device. In the energy dispersive X-ray (EDX) analysis, an accelerating 

voltage of 4 keV was used. 

4.5 Colloidal stability of the dispersions 

Zeta potential (ζ potential) and particle size analysis were performed to evaluate the colloidal 

stability of dispersions using a Zetasizer Nano ZS from Malvern Instruments, UK. The zeta 

potential (measured through electrophoretic mobility) was estimated using the Smoluchowski 

equation and the particle size from the hydrodynamic diameter using dynamic light scattering 

(DLS). The measurements were performed in highly diluted aqueous dispersions. Treated 

carbon or Pt/C catalysts powders (2 mg) were dispersed in 30 mL water and vigorously mixed 

in an ultrasonic homogenizer HD3200 from Bandelin for 3 min, at 20 kHz and an amplitude 

of 48 %. 10 mL of ultrasonicated dispersion was further mixed with 40 mL of deionized water. 

Measurements of ζ potential were performed in folded capillary zeta cells (DTS1070) in the 

pH range 2-12. Particle size was measured in PMMA (poly(methyl methacrylate))  cuvettes. 

The nanostructure of Vulcan XC72R consists of primary, spherical carbon NPs of 50 nm size 

forming primary agglomerates of ~250 nm size. Therefore, the hydrodynamic diameter 

(particle size) of the investigated materials refers to the length of a single agglomerate.  

4.6 Incineration method 

The real Pt content in the synthesized electrocatalysts was determined by ashing of carbon 

phase from catalyst powders (~50 mg), using a chamber furnace, type CSF 11/7 from 

Carbolite, UK. The incineration procedure was performed in a porcelain crucible, at 800 °C 

for 5 h under air atmosphere. The Pt amount was then calculated from the mass difference 

before and after ashing. The inaccuracy of Pt content was at a level of ± 1 mg. 

4.7 Electrochemical characterization  

Electrochemical characterization covered determination of layer conductivity, linear sweep 

voltammetry curves using a rotating disc electrode, cell polarization curves and resistance 

measurements in operating PEMFCs both in an initial state and after accelerated stress test 

(AST), as well as CV measurements in order to determine the electrocatalytic activity of the 

prepared electrodes. Different characterization approaches applied for individual experiments 

will be presented in detail in the following chapters.
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5 Functionalization of Vulcan XC72R and commercial catalysts 

5.1 Introduction 

Particles in a well-stabilized dispersion (catalytic inks) are protected against agglomeration 

by electrostatic charges introduced on the carbon surface by oxidative functionalization. 

However, during CL formation via the ultrasonically assisted spraying method, this protection 

needs to break down in order to allow ionomer-coated particles to get into contact close 

enough to establish attractive van der Waals forces. These contacts need to be homogenously 

distributed, strong enough mechanically (since they define the final pore system) and close 

enough electrically (since they will be responsible for electron and proton conductivity of the 

support network).  Weakly-stabilized systems then are expected to lead to rather disordered 

layers of low density (particles stick immediately to neighbors during the fast drying process) 

whereas a strongly-stabilized system will allow particles to settle in the layer during formation 

(as long as the protection against attraction is active during the drying process), eventually 

forming more ordered and dense deposits, compared to the case of weak stabilization. These 

differences in the layer morphology should have a profound influence on the performance of 

MEAs. For PEMFC electrodes, neither very dense layers (hindering mass transport) nor very 

open layers (reducing the TPB) are favorable. Therefore, it is expected, that a systematic 

variation of the stabilization strength will affect the cell performance and allow finding an 

optimal point with respect to the resulting electrode morphology.  

5.2 Experimental 

The experiments were split into two parts. First, carbon support Vulcan XC72R underwent 

functionalization with various oxidative procedures in order to deliver a toolbox of different 

carbon variants in terms of the colloidal stability. In the second step, commercial catalysts 

were submitted to selected oxidative treatments and subsequently processed to CL and MEAs 

in order to investigate the influence of applied treatments on the PEMFC performance.  

5.2.1 Treatment of carbon support and electrocatalysts 

Vulcan XC72R carbon catalyst support provided by Cabot Corporation received oxidizing 

treatments following literature procedures with concentrated HNO3 (65 wt%), H2O2 (10 wt%) 

[21,23,24] from Carl Roth and (NH4)2S2O8 (30 wt%) [26] from Merck. Functionalization was 

carried out for different times and temperatures in order to investigate the influence of 

different treatments on the support microstructure. In a typical experiment, 500 mg of carbon 
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powder was dispersed in 100 mL solution of the selected oxidation agent. In the case of carbon 

modifications at elevated temperatures, the mixture was introduced into a round bottom flask 

and refluxed under continuous stirring for 3-24 h at 80-120 °C. For room temperature 

treatments, the dispersion was introduced into a beaker and continuously stirred under cover 

for 24-48 h. The functionalized carbons were diluted with deionized water and then 

thoroughly filtered and washed. The received materials were dried in an oven at 110 °C 

overnight. All oxidative procedures as used for Vulcan XC72R are listed in Table 5-1. 

Selected oxidizing treatments were applied to commercial electrocatalysts supported on 

Vulcan carbon (Johnson-Matthey (JM) HiSPEC4000 40 wt% Pt/C, Tanaka (TKK) 

TEC10VA50E 46.2 wt% Pt/C, TKK TEC36VA52 46.8 wt% Pt 6.6 wt% Co/C) by following 

the same experimental procedures.  

5.2.2 Dispersion preparation   

Vulcan XC72R dispersions with and without Pt were prepared by ultrasonically assisted 

mixing with Bandelin HD3200 (3 min at 20 kHz and 48 % amplitude) of pre-treated dry 

carbon or electrocatalyst (1.2 wt%) with a 5 % Nafion D521 (1100 EW, from Chemours) or 

6 % Aquivion D-83-06A (830 EW, from Solvay) solution (dry mass of ionomer 1.2 wt%), 

isopropanol (28.8 wt% including IPA from the ionomer solution) and deionized water 

(68.8 wt%, including the water from the ionomer solution). Prior to loading into the spraying 

system, the prepared dispersions were again ultrasonically treated.  

5.2.3 MEA preparation 

Catalytic as well as pure support layers were sprayed by ZBT GmbH through an ultrasonic 

nozzle (Exacta Coat FC Fuel Cell Coating System, from Sono-Tek) on a decal (transfer) PTFE 

foil, fixed by a vacuum table heated to 150 °C. In a typical procedure, the spray rate for the 

Vulcan dispersion was 0.5 mL/min at a total number of 8 layers. Catalyst dispersions were 

also sprayed with a rate of 0.5 mL/min. Since the Pt content (wt%) of the tested catalysts was 

varying, the total number of catalyst layers sprayed was set to 17 for for 40 wt% Pt/C JM, and 

14 for 46.2 wt% Pt/C TKK as well as TKK 46.8 wt% Pt 6.6 wt% Co/C in order to achieve a 

common final cathode Pt loading of 0.36 mg/cm2 (gravimetrically checked). The waiting time 

between spraying individual layers was set to 10 s to allow full evaporation of the solvents. 

The anodes were prepared with HiSPEC 2000 10 wt% Pt/C (C=Vulcan XC72R) from JM via 

the ultrasonic spray method to reach an anode loading of 0.05 mg/cm2. Anode and cathode 

catalyst layers were then transferred (hot pressed) onto a Nafion 212 membrane from Alfa 

Aesar via an optimized decal procedure: 10 min at 80 kg/cm2 and 160 °C by a professional 
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hot press device from Vogt GmbH. Gas diffusion layers (GDLs) type H23C8 from 

Freudenberg were used in the following PEMFC assembly. All preparations have been 

repeated in independent experiments in order to ensure reproducibility; the figures in the 

electrochemical results section therefore always contain two data sets for one type of 

pretreated electrocatalyst (same color, open and closed symbols).  

5.2.4 Characterization of pre-treated carbon support and electrocatalysts 

Colloidal stability of pre-treated materials was characterized by zeta potential and particle 

size measurements (Section 4.5). The crystalline structure of prepared materials was 

determined from powdered samples by X-ray diffraction (Section 4.1). Textural parameters 

of carbon powders were investigated with BET analysis (Section 4.2). The morphology of 

pretreated materials and layers prepared from them was characterized by SEM imaging 

(Section 4.4). Cross-sections of sprayed layers were prepared by spraying on latex foil, shock 

freezing with liquid N2 and subsequent breaking.  

5.2.5 Electrical and electrochemical characterization 

5.2.5.1    Ex-situ in-plane conductivity  

In-plane DC electric conductivity and AC mixed conductivity measurements were performed 

by ZBT GmbH for catalytic layers sprayed on a PMMA substrate (electric and ionic insulator) 

to make sure that measured values are coming from characterized layer only. In-plane DC 

resistance was measured for the catalyst layers on Nafion 212 membrane. The measurements 

were performed applying the 4 electrode method. Gold plated stainless steel strip electrodes 

were used as working and counter electrodes and situated between strip electrodes with a 

spring contact pin working as sense and reference electrodes. The in-plane conductivity cell 

was mounted in a conditioning gas chamber to guarantee 80 °C and a water-saturated inert 

(N2) atmosphere during the measurements.  

5.2.5.2     Rotating disc electrode (RDE) tests  

The RDE tests were performed by ZBT GmbH. A three-electrode double-walled temperature-

controlled glass cell (25 °C) and a glassy carbon rotating disc electrode with a diameter of  

3 mm were used. The reference electrode was Hg/HgSO4 (Radiometer Analytical, XR200), 

the counter electrode was a Pt wire and the electrolyte was 0.1 M HClO4. The Pt loading was 

0.02 mg/cm2. Linear sweep voltammetry (LSV) curves were performed at 1600 rpm, while 

cyclic voltammetry was performed without rotation. The scan rate for both measurements was 

20 mV/s. The measurements were performed using the RDE device RRDE-3A (rrde-095) and 
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a potentiostat SP-150 from BioLogic. The presented curves were taken after the 20th cycle 

where no change of the curves was observed anymore.  

5.2.5.3     In-situ PEMFC tests  

The in-situ PEMFC tests were performed by ZBT GmbH. The fuel cell test station  

(type 0801-030) used in this study was built by MS2 Engineering und Anlagebau GmbH. The 

electrode (MEA) performances and durabilities were tested in a 25 cm2 single-cell hardware 

(balticFuelCells GmbH, water temperature controlled version) with an optimized fine flow 

field (FFF) designed by ZBT GmbH. Since a reliable comparison between different types of 

cathodes and not the highest performance is aimed, Nafion 212 is used as the PEM. The cell 

and gas temperatures were set to 80 °C and relative humidities at both anode and cathode to 

65 %. The hydrogen and air stoichiometries were set to 3.0 at an input pressure of 2.5 atm. 

abs. These operating parameters aim to ensure a stable and representative PEMFC hardware 

operation close to automotive conditions. MEA electrochemical tests were performed with a 

load bank EL500/60/100 (Zentro-Elektrik GmbH) for the polarization curves performed 

under galvanostatic control. The measured voltages recorded each second were averaged over 

5 min per current point in a scan direction from high to low currents. A Zennium workstation 

coupled with a potentiostat PP201 was used for the cyclic voltammetry (CV) and accelerated 

stress test (AST). Prior to the PEMFC measurements, MEAs were conditioned and activated 

at a cell voltage of 0.4 V till the maximum current was reached under the above testing 

conditions. In-situ tests and AST were performed in the same fuel cell hardware in H2/N2 

mode. During the AST and CV measurements, the anode was supplied with 11 L/h H2 and 

used as RHE, while the cathode is supplied with 11 L/h N2. AST consists of 1000 triangular 

cycles between E=0.4 and 1.4 V vs. RHE at a scan rate of 1 V/s under ambient pressure and 

65 % relative humidity [206].  The upper limit of 1.4 V vs. RHE aims to represent start-stop 

cycles [67]. The polarization curves and CVs were measured before and after AST. 

5.3 Results and discussion 

Characterization of Vulcan XC72R  

5.3.1 Textural characterization of carbon powders 

The textural parameters from nitrogen adsorption isotherms of untreated Vulcan XC72R and 

carbon material after various modifications are presented in Table 5-1. The high BET surface 

area (aBET) of 237 m2/g for pristine Vulcan is decreased after the oxidation treatments, and 

with the increase of treatment severity, the decrease of aBET is even more significant. 
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However, comparing the mildest treatments (with HNO3 and H2O2 for 48 h at 20 °C) to 

untreated Vulcan, no significant differences in aBET can be observed. Additionally, reduction 

of the surface area is always accompanied by a proportional decrease of total pore volume as 

well as by an increase in the mean pore diameter. Such observations have already been 

reported [25] and are associated with partial destruction of the carbon morphology and a 

collapse of pore walls resulting in wider pore diameter. The bigger pore diameter for H2O2 

than HNO3 treatments, therefore, can be most likely attributed to the presence of different 

surface groups on the carbon surface.  

Oxidizing 

agent 

t T BET area BET pore 

volume 

BET pore 

diameter 

 (h) (°C) (m2/g) (cm3/g) (nm) 

Untreated - - 237 0.23 3.8 

HNO3 3 120 147 0.16 4.3 

HNO3 8 120 169 0.18 4.3 

HNO3 24 80 156 0.16 4.4 

HNO3 48 20 239 0.23 3.9 

H2O2 3 105 161 0.20 5.1 

H2O2 48 20 228 0.29 5.0 

(NH4)2S2O8 4 80 - - - 

(NH4)2S2O8 24 20 - - - 

Table 5-1: Conditions used for the oxidative treatment of Vulcan XC72R with BET data before and after 

treatment [204]. 

BET measurements on recovered powders after spraying (scratched from the substrate) only 

showed a drastic decrease after processing the carbon to an ink in the presence of an ionomer: 

the internal surface of the carbon particles gets blocked by the polymer present, but this is not 

necessarily an indication for changes in the pore system of the layer itself – BET data, 

therefore, are not helpful in this case.   

5.3.2 XRD morphology 

The crystalline structure of carbon powders was investigated with XRD (Figure 5.1). The 

peaks in untreated Vulcan diffraction patterns are in good agreement with the reference 

pattern of graphite (1933772) from Pearson’s Crystal Data database. 
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Figure 5.1: XRD patterns of Vulcan powders: untreated and after treatment with HNO3 for 48h at 20 °C. 

The broad character of the observed reflection peaks corresponds to the intermediate 

crystalline-amorphous (turbostratic) nature of the Vulcan structure [56]. Figure 5.1 

additionally presents an XRD measurement of carbon powder, which underwent treatment 

with HNO3 for 48 h at 20 °C. The resulting diffraction pattern is identical to the one of pristine 

Vulcan. It means, that mild oxidative treatments preserve the crystalline structure of the 

carbon material. 

 

Figure 5.2: XRD patterns of carbon powders treated with HNO3 oxidizing agent. 

However, by comparing all tested treatment parameters with HNO3 as an oxidizing agent, 

some changes in the Vulcan crystalline structure can be observed (Fig. 5.2). With the increase 

of treatment severity, the intensity of the main reflection (0 0 2) increases and the peak width 

is getting narrower. This indicates a more defined, graphitized structure after using harsh 

treatment parameter. Most likely, more ill-defined parts of the carbon powder are 

predominantly attacked and therefore not visible any more.  
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5.3.3 Colloidal stability of carbon dispersions 

Pristine Vulcan XC72R was initially characterized by zeta potential and particle size to 

deliver a comparative reference to the treated variants. As-received material, however, was 

impossible to measure due to instant sedimentation of large agglomerates. First, after 

submitting the tested sample to ultrasonication, a low colloidal stability of -14 mV was 

detected. The carbon agglomerates were still visible in the aqueous solution. The negative 

electrical charges present, responsible for a weak stabilizing effect are coming from the 

oxygen-containing groups introduced during the manufacturing process. As presented in 

Figure 5.3 a and b, applying oxidative functionalization to the pristine Vulcan leads to a more 

uniform structure with well-defined, spherical primary carbon NPs compared to an untreated 

variant, as already shown by XRD analysis.  Due to the presence of additional surface oxygen 

groups, better dispersion of the pre-treated carbon in water was achieved (Figure 5.3 c and d).  

 

Figure 5.3: SEM images of carbon powders (left): a) pristine Vulcan XC72R, b) functionalized with H2O2 at 

120 °C for 3 h plus carbon dispersibility in aqueous solution (right): c) untreated, d) treated variant.  

 

Figure 5.4: Volume particle size distribution of functionalized Vulcan after different oxidizing treatments.  
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The volume particle size distribution presented in Figure 5.4 shows, that the aggregates 

present in pristine Vulcan of size ca. 500 nm were broken up to primary agglomerates while 

treating with oxidizing agents. The different variants of modified carbon show agglomerate 

size in the range of 250-300 nm.  

A systematic characterization of the colloidal stability of carbon powders in aqueous solution 

after all oxidative procedures performed on Vulcan XC72R is presented in Figure 5.5. The 

applied treatments can be divided into two main categories. Treatments at elevated 

temperatures, corresponding to the boiling points of the chemicals used (HNO3 and H2O2) 

belong to harsh treatments, whereas modifications performed at lower/room temperature are 

classified as mild treatments. The character of treatment (mild or aggressive) is directly 

reflected by zeta potential values. Comparing the same oxidizing agent, the following trend 

appears: aggressive treatments have higher absolute ζ potential values in the whole range of 

pH, and therefore higher colloidal stability, compared to mild treatments. This tendency can 

be well recognized especially at pH ~5, corresponding to the pH value of catalytic inks based 

on water, IPA and ionomer, for further processing to CLs. 

 

Figure 5.5: Colloidal stability vs. pH of the dispersions with functionalized Vulcan carbons in aqueous solution. 

Harsh treatments (left) and mild treatments (right). Lines are guidelines for the eye. 

The presented graphs show, that in all cases the zeta potential decreases when the pH is getting 

more acidic. This phenomenon corresponds to the protonation of acidic or basic groups 

introduced on the carbon scaffold by oxidative treatment. However, most of the treated 

carbons still show moderate stability (down to -20 mV) even in a strong acidic environment 

(pH ~3). Only treatments with H2O2 show a higher level of destabilization in the acidic pH 

range. The mild variant of H2O2 treatment reached PZC (0 mV) at pH ~4, which corresponds 

to complete neutralization of surface charges, destabilization, and agglomeration of the 
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sample. It can be concluded, that treatments with H2O2 introduce oxygen surface groups on 

the carbon surface to a lower extent, compared to other treatments, and therefore faster 

destabilization occurs. 

5.3.4 Carbon layer thickness 

Colloid-chemical stability in settling dispersions is correlated with the density of the final 

layers: a perfectly stabilized colloid leads to deposits with high density, whereas less stable 

dispersions tend to form fluffy, more open sediments with low density. In the context of this 

work, the resulting thickness of layers prepared from Vulcan carbon particles with varying 

functionalization is assessed after spraying and drying under similar conditions, in order to 

generate insight into the colloid chemistry of the consolidating layer.  

Figure 5.6 shows electron micrographs of cross-sections of such layers (sprayed on latex foil, 

shock-frozen with liquid N2 and then broken) after treatment with HNO3 3h 120 °C (a), H2O2 

3h 105 °C (b) and H2O2 48h 20 °C (c). Thickness values after all applied treatments are 

presented in Table 5-2.  

 

Figure 5.6: SEM images of sprayed  Vulcan XC72R carbon layers cross-sections: a) HNO3 3h 120 °C, b) H2O2 

3h 105 °C, c) H2O2 48h 20 °C. 

Obviously, the thicknesses are quite different: 2.1 µm for the treatment (a), 4.4 µm for a 

treatment (b) and 6.1 µm for a treatment (c). Treatment (a) therefore seems to generate the 

highest density, treatment (c) the lowest. Treatment (a) and (b) are high-temperature 

treatments, whereas treatment (c) proceeded at room temperature.  

Layer thickness (µm) 

Untreated HNO3  

48h  

20 °C 

HNO3  

24h 

 80 °C 

HNO3  

3h  

120 °C 

HNO3  

8h  

120 °C 

H2O2  

48h  

20 °C 

H2O2  

3h  

105 °C 

(NH4)2S2O8  

24h 

 20 °C 

(NH4)2S2O8  

4h  

80 °C 

8.1 4.5 4.6 2.1 1.5 6.1 4.4 5.7 3.7 

Table 5-2: Vulcan XC72R carbon layers thickness as measured from electron micrographs.  



Functionalization of Vulcan XC72R and commercial catalysts   

63 

As expected from the considerations discussed above, more aggressive high-temperature 

treatments lead to higher densities, whereas the milder low-temperature treatment produced 

lower density. Although the relative thickness variations are obvious, absolute numbers need 

to be treated with caution: the water content of the ionomer is lost in the vacuum of the 

electron microscope, possibly leading to some systematic shrinkage of the samples.  

Apparently, layer thickness and their density directly affect the conductivity of the layers. 

Table 5-3 presents AC mixed conductivity measured by ZBT GmbH of the carbon layers with 

respect to applied treatments. Mixed conductivity consists of electron conductivity provided 

by the carbon phase and the proton conductivity of Nafion. In comparison to harsh-treated 

materials, better properties were obtained for composite layers prepared from Vulcan treated 

under milder conditions.  

 Mixed conductivity (S/cm) 

H2O2 48h 20 °C HNO3 48h 20 °C HNO3 24h 80 °C H2O2 3h 105 °C  HNO3 3h 120 °C 

2.5 1.9 1.5 1.1 0.3 

Table 5-3: AC mixed conductivity of the Vulcan XC72R carbon layers on PMMA, prepared after different 

oxidative treatments (measured by ZBT GmbH). 

Characterization of commercial electrocatalysts 

5.3.5 XRD morphology of the electrocatalysts 

Catalyst Pt crystallite size (nm) 

 Untreated HNO3  

48h 20 °C 

HNO3  

8h 120 °C 

H2O2  

48h 20 °C 

H2O2  

3h 105 °C 

40 wt% Pt/C JM 3.0 2.6 2.8 3.1 2.9 

46.2 wt% Pt/C TKK 1.7 1.5 1.3 1.5 1.5 

46.8 wt% Pt 6.6 wt% Co/C TKK 7.9 8.1 8.0 7.9 8.0 

Table 5-4: Pt crystallite of JM and TKK electrocatalysts before and after treatments.  

Treating an electrocatalyst with oxidative agents might influence the carrier surface as well 

as the active Pt particles. However, the collected XRD data do not show any measurable 

effect. In Figure 5.7, electrocatalysts after various treatments show similar widths and thus 

grades of crystallinity of carrier and catalyst, although JM and TKK Pt/C electrocatalysts as 

such show marked differences among each other. The average XRD crystallite size estimated 
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from Scherrer’s equation is at a level of 2.9 and 1.5 nm, respectively (Table 5-4). As far as 

XRD can show, there are no effects of the performed treatment on the size, structure, and 

composition of the catalytic centers. 

 

Figure 5.7: XRD patterns of 40 wt% Pt/C JM (left) and 46.2 wt% Pt/C TKK (right) electrocatalysts, before and 

after treatments [204].   

5.3.6 Colloidal stability of electrocatalyst dispersions 

Layer porosity and morphology play an important role in the PEMFC electrode: for mass 

transport and electron and proton conductivity as well as the accessibility of catalytic NPs for 

the electrochemical reaction. Therefore, the relative colloidal stability has been determined 

on electrocatalyst dispersions as well. Figure 5.8 shows results for ζ potential and particle size 

after various treatments of 46.2 wt% Pt/C TKK catalyst since this catalyst is the most 

problematic in terms of its processability to stable electrocatalytic inks, necessary for the 

spraying procedure.  

Treatments with H2O2 seem to produce the most negative zeta potentials, but the differences 

in particle size are not really significant with the exception of mild treatment with HNO3. This 

actually is the sample delivering one of the lowest densities (Table 5-2). Please note, that 

although a measurable negative ζ potential is detected on the untreated TKK electrocatalysts, 

they do not always produce dispersions with sufficient long-term-stability and therefore are 

difficult to process via ultrasonic spraying. 
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Figure 5.8: Zeta potential (left) and particle size (right) vs. pH of treated and untreated TKK 46.2 wt% Pt/C 

electrocatalyst dispersed in water. Lines are guidelines for the eye [204]. 

5.3.7 Electrical data for electrocatalyst layers 

Non-treated and treated 46.2 wt% Pt/C TKK catalyst was ultrasonically sprayed on a Nafion 

212 membrane for in-plane DC measurement (performed by ZBT GmbH) to achieve the same 

cathode catalyst layer structure as in the PEMFC tests. 46.2 wt% Pt/C TKK catalyst is selected 

because its colloidal stability and PEMFC performance were analyzed. The more aggressive 

the oxidation treatment is, the more compact the film, the higher the density of the particle 

contacts and the lower the sheet resistance is (Table 5-5). The DC sheet resistance results are 

in agreement with the colloidal stability and the SEM results found with Vulcan XC72R.  

Sheet resistance (kΩ square) 

Untreated H2O2 48h 20 °C HNO3 48h 20 °C HNO3 8h 120 °C 

5.2 4.9 2.1 1.9 

Table 5-5: 46.2 wt% Pt/C TKK catalyst layers on Nafion 212 membrane: in-plane DC sheet resistance 

(measured by ZBT GmbH) [204]. 

Similar results are found when non-treated and treated Vulcan XC72R and Pt/C catalysts are 

ultrasonically sprayed on the PMMA substrate for thickness and in-plane electric 

measurements (performed by ZBT GmbH). The thickness of the layers, in this case, is 

measured via a micrometer gauge. The relationship between layer thickness and specific 

electron conductivity of a system can be directly recognized (Fig. 5.9). 
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Figure 5.9: Layers sprayed on PMMA: thickness (right) and in-plane DC specific electronic conductivity (left) 

of Vulcan and catalyst layers before and after treatments (measured by ZBT GmbH).  

The more compact the layers are, the higher the conductivity of the electrode is. Comparing 

the results of specific conductivity (electron conductivity) with mixed conductivity (proton 

and electron conductivity) measured for carbon layers (Table 5-3), an opposite tendency 

occurs. Higher mixed conductivity after mild treatments indicates, that better proton 

conductivity is achieved in more open layers of lower density, with bigger pores (as presented 

in Table 5-1 with BET analysis) where carbon NPs are not so compactly packed. Most likely 

it allows for better distribution of the Nafion phase in the layer microstructure. On the other 

side, more compact packing of carbon NPs in the structure achieved with harsher treatments 

is favorable for electron conductivity, as shown in Figure 5.9.   

5.3.8 Rotating disc electrode measurements  

The RDE characterization performed by ZBT GmbH allowed evaluation of the Pt catalytic 

activity. ECSA was obtained by integration of the Had peaks and hydrogen 

adsorption/desorption charge at 0.02 mg/cm2 Pt [207]. Figure 5.10 (left) shows, that the values 

do not differ significantly while a broadened area in the double layer capacitance region and 

an additional oxidation peak at ca. 0.65 V vs. NHE are observed for the JM 40 wt% Pt/C 

catalyst treated with HNO3 at 20 °C for 48 h. These effects could be attributed to the partial 

oxidation and amorphization of the catalyst support. The peak at ca. 0.65 V vs. NHE could be 

attributed to the quinone/hydroquinone redox couple formed during the nitric acid treatment 

[208]. Notwithstanding the possible oxidation of the support, the AST result in PEMFC does 

not show higher degradation compared to the non-treated catalyst (Figure 5.11).  

The LSV curves presented in Figure 5.10 (right) also do not show a significant change in the 

Pt activity and the limiting current densities are close to the theoretical value of 6.04 mA/cm2. 
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This supports the XRD results that Pt is mostly unaffected by the oxidation treatments. In 

view of the fact, that the electrocatalysts investigated are commercial materials with high 

reproducibility, it was concluded that the Pt particle sizes were not affected by the treatments 

used (Table 5-4). 

 

Figure 5.10: Cyclic voltammetry (left) and linear sweep voltammetry (LSV) curves (right) from RDE 

measurements of non-treated and treated JM 40 wt% Pt/C catalyst in 0.1 M HClO4 at a scan rate of 20 mV/s 

and 25 °C; Pt loading was 0.02 mg/cm2 and the LSV was taken at 1600 rpm (measured by ZBT GmbH) [204]. 

5.3.9 MEA performance in a PEMFC 

In view of any application, the characteristics of the final fuel cell are the most important data, 

especially current density/voltage curves (cell polarization curves under load; measured by 

ZBT GmbH). The JM 40 wt% Pt/C electrocatalyst is used as a benchmark, since it disperses 

well in the catalyst dispersion during MEA preparation, whereas the TKK catalysts are often 

difficult to disperse and spray, compared to the JM catalysts. Therefore it could be expected, 

that the TKK catalysts would offer the higher potential for a performance increase after the 

oxidation treatments. 

Figure 5.11 shows typical results with the JM 40 wt% Pt/C catalyst; obviously, power density 

improvements could be realized via treatments with HNO3 and H2O2 for 48 h at 20 °C (ca. 

20 % at a cell voltage of 0.65 V), somewhat more under very high load, where mass transport 

starts to play a role. This trend is preserved after AST, so probably some influence from an 

altered pore system could be the reason for the differences observed.  

Using the same electrocatalyst treatments, improvements can be noticed also in the case of 

the TKK 46.2 wt% Pt/C catalyst (12 % increase of the power density at a cell voltage of 
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0.65 V) as presented in Figure 5.12. Also here, the influence is most pronounced in the high-

current part of the polarization curve, and it remains to be seen after the AST.   

 

Figure 5.11: Polarization curves for fuel cells made with JM 40 wt% Pt/C as cathode catalyst measured initially 

(left) and after aging (right), for treated and untreated electrocatalysts; lines are guidelines for the eye 

(measured by ZBT GmbH) [204]. 

 

Figure 5.12: Polarization curves for fuel cells made with TKK 46.2 wt% Pt/C as cathode catalyst measured 

initially (left) and after aging (right), for treated and untreated electrocatalysts; lines are guidelines for the eye 

(measured by ZBT GmbH) [204]. 

The results change drastically for TKK 46.8 wt% Pt 6.6 wt% Co/C electrocatalyst. Figure 5.13 

shows a strong performance increase, over 1.5-fold higher power density (at a cell voltage of 

0.65 V), that still increases a bit when using more aggressive treatment with HNO3 at 120 °C 

for 8h. These observations remained unaltered after simulated aging of the cell and are present 

for all oxidative treatments with HNO3 and H2O2 and therefore it might be assumed that no 

leaching of Co due to acidic treatment occurred. 
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Figure 5.13: Polarization curves for fuel cells made with TKK 46.8 wt% Pt 6.6 wt% Co/C as cathode catalyst 

measured initially (left) and after aging (right), for treated and untreated electrocatalysts; lines are guidelines 

for the eye (measured by ZBT GmbH) [204]. 

5.3.10 Conductivity and electrocatalytic activity of treated catalysts 

In order to explain the improved performance, further tests have been performed (by ZBT 

GmbH). Figure 5.14 shows the in-situ measured 1 kHz resistance for the TKK 46.8 wt% Pt 

6.6 wt% Co/C electrocatalyst prepared with Nafion or Aquivion ionomer (to exclude the 

specific influence of the kind of ionomer used). In both cases, the resistance is the lowest 

when electrocatalysts are pretreated in those ways that lead to the performance boost — this 

may be due to thinner catalysts layers, as expected from the experiments with pure carbon 

carriers (previously presented) or indicative of more conductive necks between individual 

particles.  

 

Figure 5.14: In-situ 1 kHz resistance of fuel cells with TKK 46.8 wt% Pt 6.6 wt% Co/C as cathode catalyst with 

Nafion D521 ionomer (left) and Aquivion D83-06A ionomer (right) for treated and untreated catalysts; lines 

are guidelines for the eye (measured by ZBT GmbH) [204]. 
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Figure 5.15: In-situ CVs of fuel cells fabricated from TKK 46.8 wt% Pt 6.6 wt% Co/C as cathode catalyst after 

preparation (left) and aged (right), for treated and untreated catalysts; lines are guidelines for the eye (measured 

by ZBT GmbH) [204]. 

The improved packing is also reflected by the in-situ ECSA. In many cases, the in-situ CVs 

show a measurable increase. As an example, Figure 5.15 shows ECSA data for the  

TKK 46.8 wt% Pt 6.6 wt% Co/C electrocatalysts with drastic increases. The effects of this 

order are not observed with treated samples on the RDE, so it seems to be packing in the MEA 

that is responsible for the improvements. From the polarization curves (Figure 5.13) it is also 

obvious, that it is not so much the activity of the individual catalytic Pt and Co particles that 

makes the difference (which should be visible in the first part of the polarization curve under 

low current densities), but rather the pore system of the catalytic layer in the MEA: under 

high load and beginning limitation by mass transport, improvements are the largest. Possible 

variations in the Pt/ionomer distribution caused by varying wettability after pre-treatment are 

responsible for the changes observed under moderate current densities. It also explains why 

differences in the RDE could hardly be seen.  

5.4 Conclusions 

In this study it has been shown, that oxidative treatment applied to Vulcan XC72R resulted in 

significant changes in its textural parameters, as well as colloidal stability. The increase of 

treatment severity typically resulted in the reduction of the specific surface area. Additionally, 

aggressive treatments performed at elevated temperatures provided higher colloidal stability. 

Modified colloidal stability of settling dispersions directly affected the microstructure of the 

resulting carbon layers: well-stabilized colloids led to deposits with high density, whereas less 

stable dispersions tended to form fluffy, more open sediments of low density. The oxidative 

procedures were further transferred to the commercial catalysts and resulted in the following 
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conclusions: the colloid chemistry of precursor catalyst inks has a decisive influence on the 

structure of the catalyst layers and subsequently on their performance in PEMFCs. Increasing 

the colloid chemical stability by surface modification of the carbon support leads to active 

cathode catalyst layers with altered pore system and more accessible Pt sites, when compared 

to inks with non-optimized colloid-chemical characteristics. 

 

Figure 5.16: Schematic representation of the experiment presented in Chapter 5 [204]. 

The active Pt particles (on the carbon substrate) are not affected by the selected treatments 

and preserve their activity more or less unchanged. As a result, polarization curves and ECSA 

of PEMFCs built from MEAs using optimized inks showed higher performance under 

moderate and especially high current densities, probably due to optimized catalyst film pore 

structure, ionomer-catalyst distribution, electrolyte contact between the catalyst and PEM 

evidenced by the lower MEA 1 kHz ohmic resistance, and facilitated mass transport. 

Therefore, this study suggests fine-tuning the microstructure of MEAs with the focus on the 

CCL by adjustment of the colloid chemistry in catalyst dispersions in order to increase the 

electrochemical availability of existing Pt sites and the porosity of the cathode catalyst layer. 

The colloidal approaches can increase Pt utilization, thus reducing the necessary Pt loading 

of the PEMFC cathodes. 
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6 Functionalization of synthesized Pt/C catalysts 

6.1 Introduction 

Electrophoretic deposition (EPD) is a versatile and scalable method for the preparation of 

functional layers from colloidal precursors. For electrocatalytic layers, however, this method 

is under-used, although it offers short processing times, adjustable thickness and uniform 

layer properties. The EPD method should be capable to form porous layers with Pt/C NPs 

distributed evenly in the whole CL microstructure, possibly leading to a high number of TPBs. 

In the EPD approach, Pt/C catalytic particles in a dispersion containing Nafion polymer are 

exposed to an electric field and deposited on a conductive substrate to form the CL. It can be 

directly recognized that the colloidal stability of the catalytic dispersion is of great 

importance. Catalytic inks should be stable enough to avoid agglomeration and sedimentation 

of catalyst NPs during the EPD process, and mobile enough to allow their unhindered 

transport, but then their close approach and deposition on the substrate (GDL) is desirable. 

Pulsed direct current EPD shows several advantages in comparison to continuous direct 

current EPD in terms of controlled adhesion to the substrate and uniformity of the deposition; 

thus, in this experiment, the pulsed EPD variant has been used exclusively for CL preparation. 

In this work, the effect of oxidative treatments on the colloidal behavior of Pt-based catalyst 

dispersions and the properties of CLs prepared via pulsed EPD was studied in detail.  

6.2 Experimental 

6.2.1 Synthesis of the Pt/C catalysts  

Carbon black powder Vulcan XC72R from Cabot Corporation served as catalyst support and 

hydrogen hexachloroplatinate (IV) hexahydrate (H2PtCl6·6H2O) from Merck as Pt precursor. 

Pt (IV) was reduced to metallic Pt and deposited on the carbon support by an impregnation-

reduction method adapted from Kumar et al. [175].  Ethylene glycol (EG) from Carl Roth 

served as a reducing agent. In the experimental procedure, 0.364 g of carbon was dispersed 

in 100 mL of EG in a two-neck flask, under continuous stirring. Then, 25 mL or 50 mL of 

0.025 M H2PtCl6·6H2O aqueous solution was added dropwise, to achieve 25 or 40 wt% Pt 

content in the resulting catalyst, respectively. In the next step, the pH of the dispersion was 

adjusted to the basic regime (pH 9-10) by adding 1 M NaOH dropwise. Finally, the mixture 

was refluxed under argon at 110 °C for 3 h. The resulting suspension was then left under 

continuous stirring and argon atmosphere overnight. The final product was thoroughly 

washed with deionized water and dried in an oven at 100 °C under air, overnight. 
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6.2.2 Catalyst pretreatments  

In order to create catalysts with primarily hydroxyl or carboxyl groups, surface modifications 

were performed with 10 wt% H2O2 and 65 wt% HNO3, respectively. The chemical reagents 

were supplied by Carl Roth. HNO3 was used as purchased, whereas 30 wt% H2O2 was diluted 

to the desired concentration prior to the treatment. The amount of functional surface groups 

on the carbon scaffold depends on temperature and treatment time. In order to provide 

systematic variation of carbon stabilization, treatments with both oxidizing agents for 48 h at 

room temperature as well as for 3 h at 105°C and 120 °C, with H2O2 and HNO3, respectively, 

were performed. Different temperatures in the case of the 3 h treatment correspond to the 

boiling points of the oxidative agents at the concentrations used (~105°C for 10 wt% H2O2 

and ~120 °C for 65 wt% HNO3). Additional treatment with HNO3 for an extended time (8 h 

at 120 °C) to provide harsh oxidation conditions was also performed since it showed positive 

effects on the catalytic layer performance in previous experiments. In a typical approach, 

120 mg of the catalyst was dispersed in 100 mL of the oxidizing agent under continuous 

stirring. For the high-temperature treatments (105 and 120 °C), the mixture was introduced 

into a round bottom flask and heated in an oil bath under reflux (3 or 8 h). Room temperature 

modifications were carried out in a beaker, under cover for 48 h. The functionalized catalysts 

were carefully filtered and washed with deionized water and dried overnight at 100 °C under 

air. All catalyst modifications and their respective parameters are presented in Table 6-1.  

6.2.3 Catalytic layer preparation via pulsed EPD 

Pretreated Pt/C catalysts of different colloidal stability were further processed to catalytic 

layers via pulsed EPD. Catalyst dispersions were prepared by introducing 12 mg of Pt/C 

catalyst into 20 mL of isopropyl alcohol (IPA) from Carl Roth mixed with 5 wt% Nafion 

D521 (1100 EW) solution from Chemours. Dispersions were prepared in two variants, with 

40 mg and 160 mg of ionomer solution to obtain Nafion concentrations of 14 and 40 wt%, 

respectively, with respect to the total mass of Pt/C catalyst and dry Nafion ionomer. Prior to 

deposition, the dispersions were ultrasonicated in an ultrasonic bath Sonorex RK 102 H from 

Bandelin, at 35 kHz for 10 min. Using a bipolar amplifier from KEPCO Inc. as a power 

supply, pulsed EPD was carried out for 30 min under direct current, with an electrical field 

strength of 160 V/cm. Rectangular pulses were set with a waveform generator from Tabor 

Electronics Ltd. at a frequency of 100 Hz and a duty cycle of 50 %. Stable and conductive 

fluorine-doped tin oxide (FTO) glass plates from Merck were used as a counter electrode 

while deposition. CLs were deposited on commercially available gas diffusion layers (GDLs) 
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Freudenberg H23 with surface area ~1.5 cm2. The resulting CLs were dried in the air, at room 

temperature for a few hours and then weighed to calculate the Pt loading from the deposited 

mass. In order to investigate the differences in the layer microstructure resulting from varied 

colloidal stability of catalyst dispersions, SEM analysis was carried out. For this purpose, 

deposits were prepared on FTO glass instead of GDLs, to make a breakage of the layers 

possible and provide access to well-defined cross-sections. 

6.2.4 Analysis of Pt/C electrocatalysts and catalytic layers morphology  

The colloidal stability of pre-treated Pt/C catalysts was characterized by zeta potential and 

particle size measurements in aqueous dispersions (Section 4.5). After the EPD process, the 

Pt/C/Nafion/IPA dispersions were diluted with isopropanol (1:9) and also tested for their 

stability and particle size. The real Pt content of the synthesized catalysts was determined via 

the incineration method (Section 4.6). The crystalline structure of prepared materials was 

determined from powdered samples by X-ray diffraction (Section 4.1). Textural parameters 

of the synthesized Pt/C powders were investigated with BET analysis (Section 4.2). The 

morphology of prepared Pt/C catalysts was determined via TEM analysis (Section 4.3), 

whereas layers prepared from them were characterized by SEM imaging (Section 4.4). Cross-

sections of sprayed layers for SEM analysis were prepared by deposition on FTO glass, 

drying, and subsequent breaking. Elemental analysis of the deposited layers was carried out 

via EDX.  

6.2.5 Electrochemical analysis of the catalytic layers  

CV was carried out to investigate the catalytic activity of the deposited layers. The analysis 

was done by a potentiostat ModuLab XM ESC from Solartron. The measuring setup consisted 

of an electrochemical cell from Metrohm with a platinum counter electrode and Ag|AgCl in 

saturated KCl (E = 0.197 V) as a reference electrode. The CL deposited on a GDL served as 

a working electrode. The measurements were performed in 0.1 M NaOH electrolyte. Before 

analysis, the working electrode was immersed in the electrolyte for 15 min in order to soak it 

completely. 25 to 100 cycles were measured applying scanning speeds of 100 mV/s and 

10 mV/s, the latter was used for the ECSA estimation. The ECSA of Pt was calculated using 

the following equation: 

ECSA =
10

5 · I · a

m · r · C · v
 

(6.1) 

where I is the integral area below the peaks (VA/cm2) representing the desorption of H(ad) 

and the oxidation to H+(aq), a is the surface area of the deposited layer, (~1.5 cm2), m the 
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deposited mass (mg), r the Pt loading in the catalyst (25 or 40 wt%), v the scan rate (10 mV/s) 

and C the adsorption constant of Pt for a H(ad) monolayer (0.21 mC/cm2) [191]. The 

dimensions (width and length) of each layer were measured with a caliper in order to calculate 

its exact area. For a better evaluation of the fabricated electrodes, the theoretical maximal 

ECSA value for each treated Pt/C catalyst was estimated using the density ρ of platinum 

(21.45 g/cm³) and the Pt crystallite size calculated from XRD analysis (Section 4.1). 

Assuming a spherical shape of Pt NPs, theoretical ECSA values were calculated from the 

fraction of Pt surface area A (cm2) and volume V (cm3) divided by Pt density ρ: 

ECSAtheoretical =
A V⁄

ρ
 

(6.2) 

The theoretical values were later compared to the experimental ECSAs. 

6.3 Results and discussion  

6.3.1 Colloidal properties of Pt/C electrocatalysts 

Since the colloidal behavior of the catalyst dispersions has an important influence on the layer 

formation by the EPD method, preliminary experiments investigating their colloidal stability 

by size and zeta potential measurements were performed (Figure 6.1). The various catalyst 

treatments resulted in different colloidal stability. Despite the fact, that Pt catalyzes H2O2 

decomposition [209] it could be observed, that the colloidal stability of the untreated catalyst 

is affected by H2O2 treatment. It proves that the surface of carbon undergoes functionalization 

in the presence of H2O2, especially at elevated temperatures, even if H2O2 decomposition 

takes place. 

Treatments with HNO3 delivered the most stable dispersions (most negative ζ potential 

values) in the whole pH range, with particle size in the range 180-250 nm and decent stability 

(-25 mV) with no agglomeration even in a strongly acidic environment (pH ~3). The negative 

zeta potential measured is a result of deprotonated carboxylic groups present on the carbon 

surface, produced during oxidative treatment. Catalysts dispersions after treatments with 

HNO3 at elevated temperature (120 °C) were hard to process via the EPD method and with 

respect to the layer morphology gave poor quality deposits of low mechanical stability. In the 

case of the 8 h 120 °C HNO3 treatment, almost no visible deposition occurred, therefore 

further characterization of this sample was impossible. This could be attributed to an excess 

of stability in the dispersion, due to a high amount of negatively charged carboxyl groups on 

the carbon surface, hindering close approach and thus deposition. Untreated catalysts and 
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catalysts treated with H2O2 showed generally lower stability as compared to treatments with 

HNO3. In the acidic pH range, absolute values of the ζ potentials were significantly 

decreasing, accompanied by particle agglomeration due to the reduction of electrostatic 

repulsion between particles in the solution, resulting in reduced stability of the dispersions. 

However, at pH ~6 (corresponding to EPD conditions) these dispersions showed moderate  

(-23 mV) to good stability (-34 mV), allowing fabrication of well-defined CLs. Compared 

with a mildly treated catalyst (48 h 20 °C H2O2), higher stability in the basic pH range can be 

observed for the harsh treatment (3 h 105 °C H2O2), due to the additional functional hydroxyl 

groups on the carbon surface providing more negative surface charges. 

 

Figure 6.1: Zeta potential (left) and particle size (right) vs. pH of untreated and treated 40 wt% Pt/C catalyst, 

in aqueous dispersion. Lines are guidelines for the eye [205]. 

Treatment Zeta potential   Particle size  

 (mV) (nm) 

Untreated -35 251 

48 h 20 °C H2O2 -28 303 

3 h 105 °C H2O2 -49 247 

48 h 20 °C HNO3 -53 250 

3 h 120 °C HNO3 -51 253 

8 h 120 °C HNO3 -51 209 

Table 6-1: Oxidative treatment conditions plus zeta potential and particle size of the 40 wt% Pt/C catalysts 

dispersions with 14 wt% Nafion in IPA, pH ~6 [205]. 
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Table 6-1 presents zeta potential and particle size measurements of catalytic dispersions with 

Nafion and IPA as used for the EPD process. Slightly increased absolute values of ζ potentials 

and similar particle sizes compared to stability in aqueous solution indicate an additional 

stabilizing effect from the Nafion ionomer, containing negatively charged sulfonate groups. 

6.3.2 Characterization of Pt/C electrocatalysts 

Table 6-2 presents the real content of Pt in the synthesized catalysts, determined with the 

incineration method. Pt content in the synthesized catalysts does not deviate significantly 

from the theoretical values and the difference between high and low Pt loading is clear enough 

to recognize potential trends with respect to the Pt content in the synthesized catalysts.  

Theoretical Pt content Measured Pt content 

(%) (%) 

25 24.0 

40 37.5 

Table 6-2: Theoretical and measured Pt content in Pt/C catalysts synthesized via the impregnation-reduction 

method.  

 

Figure 6.2: XRD patterns of 25 wt% Pt (left) and 40 wt% Pt/C (right) catalysts, before and after treatments 

[205]. 

The main XRD reflexes of all synthesized Pt/C catalysts are in good agreement with reference 

patterns of graphite (1933772) and platinum (1933265) from Pearson’s Crystal Data database 
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(Figure 6.2). The Pt NPs have a face-centered cubic crystal structure. The XRD patterns of 

oxidatively treated catalysts do not show any significant changes in comparison to untreated 

ones, therefore the crystallinity of the Pt NPs remains preserved, even after treatment at 

elevated temperatures. The Pt crystallite size of all samples as calculated from Scherrer’s 

equation (Table 6-4) was in the range of 2.3-3 nm, regardless of treatment. A broad peak of 

low intensity at ~26° (characteristic of graphite), corresponds to the intermediate crystallite-

amorphous nature of the Vulcan structure [56]. 

Oxidative treatment applied to the Pt/C catalyst might negatively influence the stability and 

dispersion of the Pt NPs on the carbon surface. However, TEM micrographs (Figure 6.3) show 

homogenously distributed Pt particles on the carbon surface, before and after 

functionalization. In both cases, the morphology is dominated by single Pt NPs rather than 

agglomerates. It proves, that the distribution of Pt NPs on the carbon surface is not affected 

by oxidative treatment. Additionally, the Pt particle size is in good agreement with crystallite 

size calculations from XRD analysis. 

Figure 6.3: TEM images of catalysts: a) 25 wt% Pt/C untreated, b) 25 wt% Pt/C treated with HNO3 for 8 h at 

120 °C, c) 40 wt% Pt/C untreated, d) 40 wt% Pt/C treated with H2O2 for 3h at 105 °C [205]. 
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6.3.3 Electrophoretically deposited catalytic layers 

The influence of the oxidation procedures on the EPD approach was characterized by 

comparing BET specific surface areas of pretreated catalyst powders before deposition with 

deposition rates and Pt loadings in the resulting CLs. 

Pt content 

(wt%) 

BET specific surface area  

(m2/g) 

 Untreated 48 h 20 °C H2O2 3 h 105 °C H2O2 48 h 20 °C HNO3 3 h 120 °C HNO3 

25 181 168 167 159 114 

40 145 139 144 135 119 

Table 6-3: BET specific surface area of the catalyst with 25 and 40 wt% Pt/C before and after treatments.  

The specific surface area (aBET) of pristine Vulcan XC72R is at a level of 237 m2/g [204]. 

With the increase of the Pt content in the catalyst, a proportional reduction of aBET can be 

observed (Table 6-3). Modifications performed on the Pt/C catalysts led to additional aBET 

decrease, strongly depending on the treatment parameters. Catalysts treated with HNO3 for 

3 h at 120 °C showed the strongest reduction in surface area, whereas the same treatment 

parameters with H2O2 resulted in slightly reduced aBET values. Additionally, in the case of 

treatments with H2O2 as an oxidizing agent, the variation of treatment parameters (time and 

temperature) has no significant influence on aBET reduction, in opposition to treatments with 

HNO3. The total pore volume (Vp) of untreated 40 wt% Pt/C and 25 wt% Pt/C catalyst was 

0.15 cm3/g and 0.21 cm3/g, respectively. Both catalysts showed mesoporous morphology with 

a mean pore diameter at a level of 4 to 5 nm. The higher Vp of the 25 wt% Pt/C catalyst 

correlates with a lower Pt loading. Moreover, from the total pore volume values, it might be 

concluded, that Pt NPs are well dispersed on the carbon support, also inside the pores. 

The optimal values of Pt loading in a CL as reported in the literature for 20 and 40 wt% Pt 

concentration are 0.2 and 0.35 mg/cm2, respectively [179]. In our EPD experiments, Pt 

loadings calculated from deposited mass and concentration of Pt in the sample correspond to 

maximal values of 0.14 and 0.34 mg/cm2 for 25 and 40 wt% Pt, respectively (Figure 6.4). 

Therefore, the combination of oxidative catalyst treatments with EPD is able to produce 

catalytic layers with a reasonable Pt loading. 

Since the colloidal stability was relatively high for all samples (Table 6-1), high 

electrophoretic mobility and homogenous deposition with EPD was expected. However, the 

deposition yields and platinum loadings were varying dramatically with different treatments; 
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while catalysts treated with HNO3 showed a decreasing Pt loading, those treated with H2O2 

showed the opposite effect (Figure 6.4). These tendencies were stronger with elevated 

pretreatment temperatures. Additionally, high Nafion content (40 wt%) typically led to 

increased Pt loading. The higher amount of negatively charged sulfonate groups was 

responsible for improved stability of the dispersions and therefore increased electrophoretic 

mobility of the particles. 

 

Figure 6.4: Pt loading of deposited layers after H2O2 (left) and HNO3 (right) treatment [205]. 

A possible explanation of the correlation between oxidative treatment and Pt loading is 

presented in Figure 6.5. Since the harsh treatment with HNO3 at 120 °C for 3 h reduces the 

surface area significantly, the anchor points for van der Waals, as well as π-π interactions 

between Nafion polymer and the carbon support are reduced as well. Therefore, the  

co-deposition of catalyst and Nafion is hindered. In the case of all treatments with H2O2 where 

the aBET reduction was not so significant, the higher area remains available for possible 

interactions, allowing a higher co-deposition rate with higher Nafion concentration. 

 

Figure 6.5: Possible interactions between the Pt/C catalyst and the Nafion polymer after different treatments 

[205]. 
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Additionally, carboxyl groups are expected to have a more negative character as hydroxyl 

groups due to deprotonation in slightly acidic environments (pH ~6). Their excess on the 

carbon surface possibly causes repulsion between the negative electrostatic charges of 

carboxyl and sulfonate groups, thus masking the attractive van der Waals and π-π interactions. 

On the other hand, the formation of hydroxyl groups after treatments with H2O2 does avoid 

excessive electrostatic repulsion between catalyst particles and Nafion, allowing attractive 

van der Waals and π-π interactions. Higher co-deposition rates then lead to higher platinum 

loading in the resulting layers. With a higher Pt content, the available surface area for 

additional carboxyl groups decreases and smaller electrostatic repulsion between carbon and 

Nafion is expected. Therefore, in the case of treatments with HNO3, slightly higher deposition 

yields and Pt loadings for 40 wt% Pt catalysts compared to 25 wt% were observed. 

SEM micrographs of cross-sections of deposited layers are shown in Figure 6.6. The 

correlation between the type of oxidative treatment and layer morphology can be directly 

recognized. H2O2 functionalization resulted in mechanically stable and porous layers of high 

thickness, compared to HNO3 thin layers with poor quality (a-b). The Nafion content has also 

a strong influence on the layer microstructure. Samples with 40 wt% Nafion produced dense 

deposits, with carbon particles tightly packed in the layer. In the case of 14 wt% Nafion, more 

open, porous structures were obtained (c-d). The lower thickness of the layers with 40 wt% 

Pt than with 25 wt% Pt was observed, due to increasing density of the Pt/C catalyst material 

with the higher Pt loading (e-f). 

 

Figure 6.6: SEM images of deposited layers cross-sections on FTO: a) 25 wt% Pt/C 14 wt% Nafion 3 h 105 °C 

H2O2, b) 25 wt% Pt/C 14 wt% Nafion 3 h 120 °C HNO3, c) 25 wt% Pt/C 14 wt% Nafion untreated, d) 25 wt% 

Pt/C 40 wt% Nafion untreated, e) 25 wt% Pt/C 40 wt% Nafion 3 h 105 °C H2O2,  f) 40 wt% Pt/C 40 wt% Nafion 

3 h 105 °C H2O2 [205]. 
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The EDX spectrum presented in Figure 6.7 shows the elemental analysis of a layer deposited 

from 40 wt% Pt/C catalyst treated with HNO3 at 20 °C for 48 h. The presence of the elements 

Pt and C (from the catalyst) and F (from the Nafion polymer) in the composite is evidenced. 

The measured signal for oxygen is caused primarily by the carboxylic groups on the carbon 

support. The absence of a signal from Cl proves complete reduction of Pt (IV) from the 

[PtCl6]
2- complex and therefore no chloride contamination of the catalyst. The absence of 

sulfur from sulfonic acid groups (in Nafion ionomer) is due to its low concentration relative 

to the other elements in the sample.  

 

Figure 6.7: EDX spectrum of the layer deposited on FTO glass prepared from 40 wt% Pt/C catalyst treated 

with HNO3 at 20 °C for 48 h. 

6.3.4 Electrochemical analysis of the catalytic layers  

Since the Pt loading differs for various oxidative treatments, data from CV measurement were 

normalized to 1 mg/cm2 Pt, in order to compare the electrochemical performance of single 

CLs. As mentioned before, different oxidative treatments resulted in 2.3-3 nm Pt crystallite 

size, corresponding to theoretical ECSA values of 121.6 m²/g and 93.2 m²/g, respectively 

(Table 6-4). These theoretical values were used as a reference to evaluate the catalytic activity 

of the single layers, by presenting the experimental ECSA utilization of Pt (%), depicted in 

Figure 6.9. In the case of the mechanically unstable layer after 3 h 120 °C HNO3 treatment, 

delamination occurred and no experimental ECSA could be obtained. 

For Pt/C catalyst containing 40 wt% Pt and 40 wt% Nafion polymer, different pretreatments 

had a slight influence on the CV signal intensity (Figure 6.8 right), corresponding to ECSA 
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utilization values in the range 12-28 % (Fig. 6.9 right). Pt/C catalyst with 25 wt% Pt and 

40 wt% Nafion showed a similar tendency, with ECSA utilization values in the range  

15-31 %. The highest value in this series with 40 wt% Nafion was reached after pretreatment 

with H2O2 for 3 h at 105 °C (and 25 wt% Pt).   

 

Figure 6.8: Cyclic voltammograms of the catalytic layers, normalized to 1mg/cm2 Pt, measured in 0.1 M NaOH, 

at a scan rate of 10 mV/s, the potential range of E vs. Ag/AgCl from 0 to -1 V and room temperature. Catalytic 

layers prepared from untreated Pt/C catalysts (left) and treated 40 wt% Pt/C 40 wt% Nafion catalyst (right) 

[205]. 

 

Figure 6.9: ECSA utilization of Pt for catalytic layers prepared from untreated and treated catalysts with 

14 wt% Nafion (left) and 40 wt% Nafion (right) [205]. 

When decreasing the Nafion content to 14 wt%, an overall increased current density in the 

CV was measured (Fig. 6.8 left). This effect corresponds to higher ECSA utilization values 

(Fig. 6.9 left). Since SEM analysis revealed that lower Nafion content leads to more porous 

structures, it can be assumed that due to the less dense packaging of the layer, more Pt NPs 

are available as catalytically active sites. Additionally, in the presence of 14 wt% Nafion, 

higher ECSA values were observed for both 25 and 40 wt% Pt content. This phenomenon can 
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be attributed to good dispersion of the Pt NPs in the microstructure of the layers prepared by 

EPD, as well as to an unaffected distribution of Pt particle size, even after applying oxidative 

treatments to the catalysts. Also, it has been reported that direct contact of Pt with SO3
-
 groups 

from Nafion reduces its mass activity [210]. Thus, lower Nafion content should positively 

impact ECSA values, as confirmed in this experiment. Fig. 6.9 (left) shows that the highest 

ECSA utilization was achieved for untreated materials with 14 wt% Nafion. After applying 

the oxidative treatments, a decrease down to 26 % can be observed. However, no clear trend 

with respect to the oxidation parameters could be recognized, also in view of the Pt loading. 

EPD combined with properly adjusted pretreatment obviously allows to produce CLs with 

controlled thickness and porosity, but the pre-treatment has no clear influence on the catalytic 

activity. In general, reducing the Nafion content appears to be beneficial under the conditions 

of EPD, probably because the somewhat reduced colloidal stability allows for the formation 

of more open layers, visible in the better relative ECSA. 

Apart from catalytic activity, the overall performance of a fuel cell is strongly affected by 

other parameters such as mass transport and electrical resistance of the CL. To achieve a 

complete evaluation of the CLs prepared, additional tests of MEAs in an operating fuel cell 

unit should be performed. 

 25 wt% Pt/C 

 Untreated 48 h 20 °C 

H2O2 

3 h 105 °C 

H2O2 

48 h 20 °C 

HNO3 

3 h 120 °C 

HNO3 

8 h 120 °C 

HNO3 

Crystallite size (nm) 2.5 2.5 2.5 2.4 2.4 - 

ECSAtheoretical (m2/g) 111.8 111.8 111.8 116.6 116.6 - 

 40 wt% Pt/C 

 Untreated 48 h 20 °C 

H2O2 

3 h 105 °C 

H2O2 

48 h 20 °C 

HNO3 

3 h 120 °C 

HNO3 

8 h 120 °C 

HNO3 

Crystallite size (nm) 3.0 2.3 2.9 2.8 2.9 2.9 

ECSAtheoretical (m2/g) 93.2 121.6 96.4 100.0 96.4 96.4 

Table 6-4: Crystallite size and theoretical ECSA values of the synthesized catalyst with 25 and 40 wt% Pt/C. 

6.4 Conclusions 

In this set of experiments, using pulsed EPD as the preparative method, nanostructured, 

porous, and electrocatalytically active layers were prepared. It was shown that proper surface 
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modification of Pt/C catalysts combined with the EPD approach allows preparing catalytic 

layers with adjustable morphology. By applying various oxidation treatments prior to EPD, 

the processability of the layers, as well as their microstructure and Pt loading could be 

controlled and adjusted. Treatments with HNO3 resulted in mechanically unstable layers of 

poor quality, with reduced deposition yields and Pt loadings, whereas functionalization with 

H2O2 provided mechanically stable porous deposits with higher Pt loadings. This tendency is 

opposite to the findings from the previous set of experiments where using ultrasonically 

assisted spraying as the electrode preparation method, the best performance was observed for 

treatments with HNO3 [204]. It proves that individual adjustment of dispersion colloidal 

properties with respect to the CL preparative technique applied is crucial, in order to produce 

layers of good quality and performance. Additionally, under EPD conditions, layer 

morphology, as well as Pt loading and ECSA utilization were strongly affected by the Nafion 

content. Finally, both catalysts with 25 and 40 wt% Pt revealed considerable ECSA 

utilization. This indicates high stability and catalytic activity of the Pt even after surface 

modifications. EPD offers a range of parameters not available in other techniques to tune CL 

properties; some trends and guidelines for such explorations have been presented in this work. 

Further tests of EPD-prepared MEAs in a working fuel cell under operating conditions are 

required to evaluate properly the overall performance of the fabricated layers and their  

long-term stability.   

 

Figure 6.10: Schematic representation of the experiment presented in Chapter 6 [205]. 

 

 

 

 



Functionalization of synthesized Pt/C/graphene composites 

86 

7 Functionalization of synthesized Pt/C/graphene composites 

7.1 Introduction 

The unique 2-dimensional structure of graphene and its properties such as excellent 

conductivity and high specific surface area make it an attractive material as carbon support 

[211]. Thus, it might be expected that the preparation of Pt/C catalyst with Vulcan 

XC72R/graphene composite as catalyst support could positively influence the microstructure 

of CLs and their electrocatalytic performance. Typically, exfoliation of a single graphene 

sheet from graphite is conducted via the Hummers method; harsh oxidation treatment 

introduces oxygen-containing groups and allows separation of individual graphene layers 

[212]. As-prepared graphene oxide (GO) is an electrical insulator and further reduction steps 

have to be applied to recover its electrical properties (e.g. via heat treatment) [213]. In this set 

of experiments, graphene oxide sheets were extracted from graphite via a simplified Hummers 

method. In the second step, Pt/C/graphene (Pt/C/G) composites were synthesized via an 

adjusted impregnation-reduction method. Based on available literature [214], it should be 

possible to create the catalyst with the structure of carbon chains formed by Vulcan XC72R 

agglomerates with inter-layers of graphene, where both carbon phases are decorated with Pt 

NPs (Figure 7.1).  

Figure 7.1: Schematic representation of expected Pt/C/graphene composites. 

The composition of carbon support investigated in this set of experiments consisted of Vulcan 

XC72R and graphene phase in ratio 3:1. As-prepared catalysts (25 wt% and 40 wt% Pt) were 

further functionalized via selected oxidative treatments with H2O2 and HNO3 in order to 

improve the colloidal stability of catalyst inks and subsequently processed to CLs via pulsed 

EPD adapted from previous experiments. It was expected that the introduction of graphene 

into the Pt/C composites could further optimize the microstructure of CLs and together with 
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the improved colloidal stability of catalyst dispersions positively impact catalytic layer 

properties.  

7.2 Experimental 

7.2.1 Preparation of graphene oxide 

Preparation of graphene oxide was conducted via a modified Hummers method adapted from 

Xu et al. [213].  In the experimental procedure, 0.5 g of graphite flakes (325 mesh, from Alfa 

Aesar) and 1.5 g KMnO4 (from Acros Organics) were successively introduced under stirring 

into 15 mL of concentrated H2SO4 (96 wt%, from Carl Roth), at room temperature. The 

mixture was transferred to an oil bath, at 50 °C, for 3 h. Then the reaction system was added 

to 150 mL of deionized water. The solution was stirred for 15 min followed by the addition 

of 10 mL 30 wt% H2O2 (from Carl Roth).  The mixture was washed by centrifugation (3 runs, 

each at 10 000 rpm for 10 min) with diluted (1:10) aqueous solution of HCl (32 wt%, from 

Merck) to remove metal ions, followed by centrifugation with deionized water to remove the 

acid. The resulting GO solid was dried in a desiccator at room temperature or in an oven, 

under air, at 120 °C overnight.  

7.2.2 Preparation of Pt/C/graphene catalysts 

The impregnation-reduction method from Kumar et al. [175] applied in Chapter 6 was adapted 

to synthesize Pt/C/G catalyst. Carbon black powder Vulcan XC72R from Cabot Corporation 

and synthesized GO served as catalyst support and hydrogen hexachloroplatinate (IV) 

hexahydrate (H2PtCl6·6H2O) from Merck as Pt precursor. Ethylene glycol (EG) from Carl 

Roth served as a reducing agent and was used in excess (2:1) in relation to the total amount 

of water (from H2PtCl6·6H2O solution and GO dispersion). Vulcan:GO phase and  

H2PtCl6·6H2O solution:EG ratios were set to 3:1 and 1:4, respectively. In the experimental 

procedure, to prepare 25 wt% Pt/C/G composite, 0.056 g of GO was introduced into 15.4 mL 

deionized water and dispersed in an ultrasonic bath Sonorex RK 102 H from Bandelin (at 35 

kHz for 10 min). 0.168 g of Vulcan was dispersed in 61.6 mL of EG in a two-neck flask, 

under continuous stirring (total carbon phase mass was 0.224 g). Then, 15.4 mL of 0.025 M 

H2PtCl6·6H2O aqueous solution was added dropwise, to achieve 25 wt% Pt content in the 

resulting catalyst. To obtain Pt content of 40 wt% in the catalyst, 0.0319 g of GO was 

dispersed in 17.5 ml water and subsequently mixed with 0.0957 g Vulcan dispersed in 70 mL 

EG (total carbon phase mass was 0.1276 g). Then, 17.5 mL of 0.025 M H2PtCl6·6H2O 

aqueous solution was added dropwise.  In the next step, the pH of the dispersions was adjusted 
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to the basic regime (pH 9-10) by adding 1 M NaOH dropwise. Finally, the mixtures were 

refluxed under argon at 110 °C for 3 h. The resulting suspensions were then left under 

continuous stirring and argon atmosphere overnight. The final products were thoroughly 

washed with deionized water and dried in an oven at 90 °C under air, overnight [214] in order 

to reduce GO to conductive graphene.  The relatively low annealing temperature is supposed 

to result in at least partial reduction of GO to conductive graphene but simultaneously 

preserving some of OCFGs responsible for the colloidal stability in a dispersion. 

7.2.3 Functionalization of Pt/C/graphene catalysts 

Synthesized 25 wt% and 40 wt% Pt/C/G catalysts underwent oxidative procedures with an 

aggressive oxidizing agent (65 wt% HNO3) and milder oxidative variant (10 wt% H2O2) for 

3 h at elevated temperature, corresponding to the boiling points of oxidative agents. The 

chemical reagents were supplied by Carl Roth. HNO3 was used as purchased, whereas 30 wt% 

H2O2 was diluted to the desired concentration prior to the treatment. In a typical approach, 

50-90 mg of the catalyst was dispersed in 70 mL of the oxidizing agent under continuous 

stirring. The mixture was introduced into a round bottom flask and heated in an oil bath under 

reflux for 3 h at 105°C or 120 °C, (with H2O2 and HNO3 as an oxidizing agent, respectively). 

The functionalized catalysts were carefully filtered and washed with deionized water and 

dried overnight at 90 °C under air, in order to eliminate eventual re-oxidation of graphene 

caused by treatments performed.  

7.2.4 Preparation of catalytic layers from Pt/C/graphene composites 

Pretreated Pt/C/G catalysts of different colloidal stability were further processed to catalytic 

layers via a pulsed EPD procedure, identical with the one applied in Chapter 6 (Section 6.2.3). 

Characterization of exfoliated GO proceeded via XRD, TEM and SEM measurements. The 

subsequent analysis of prepared composites and layers based on them was similar to the 

experimental procedure from Chapter 6, described in detail in Section 6.2.4.  Analysis of the 

catalytic activity of resulting CLs consisted of determination of theoretical and experimental 

ECSA values, explained in Section 6.2.5. 

7.3 Results and discussion 

7.3.1 Graphene oxide characterization 

The resulting GO solid after drying possessed clay-like consistency. The variant dried at room 

temperature had brownish color, whereas the sample dried in an air oven at 120 °C was black. 

The stacking structures of GO sheets were characterized by X-ray diffraction.  
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Figure 7.2: XRD patterns of GO solids dried under different conditions (left) and graphite flakes from the 

supplier (right).  

As presented in Figure 7.2 (left) the sample dried at room temperature shows the (0 0 1) 

reflection peak at 2θ ~10 °, characteristic of graphene oxide. Another reflection peak (0 0 2) 

at 2θ ~26 ° typical for graphite structure (Figure 7.2 right) can be attributed to consolidated 

GO sheets forming large domains, similar to graphene sheets stacking in native graphite 

structure. In contradiction to the sample dried at room temperature, the diffraction pattern of 

GO dried at 120 °C shows no reflection typical for graphene oxide, but only a broad reflection 

peak corresponding to graphite structure. It means, that the higher drying temperature applied 

resulted in the thermal decomposition of graphene oxide, which explains the change in the 

color of the sample (from brown to black). The significant differences in the intensity of the 

reflections measured for synthesized GOs compared to pristine graphite are caused by the 

form of the samples. GOs were measured from clay-like solids, whereas graphite was 

measured from flakes.   

 

Figure 7.3: TEM images of GO dried at room temperature, with a) 100 nm scale bar and b) 1 µm scale bar. 

TEM characterization of GO dried at room temperature was performed from a small amount 

of solid material dispersed in water by ultrasonic bath for 5 min and dropped on a copper grid, 
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seen as a dark irregular lattice. TEM analysis shows the transparent and very thin structure of 

graphene sheets (Figure 7.3 left). Figure 7.3 right of TEM image with smaller magnification 

shows that synthesized material consists of several overlapping GO layers. Such composition 

is desired with respect to further application, where graphene oxide sheets supposed to act as 

inter-layers between long Vulcan XC72R chains in the catalytic layer as depicted in Figure 

7.1. 

The observations from XRD patterns regarding GO reduction after drying at elevated 

temperatures were confirmed by SEM micrographs (Figure 7.4). The analysis was performed 

for cross-sections of dried solids obtained after synthesis. In the case of the sample dried at 

room temperature, individual layers of graphene sheets can be clearly recognized (a-b). Such 

separation of graphene layers was achieved due to the presence of oxygen-containing groups 

introduced during the exfoliation of graphene from graphite, by applying oxidative treatment 

with KMnO4 in the Hummers method. Reduced GO after drying at 120 °C shows a stack of 

graphene layers of much lower thickness and poor separation of the individual sheets (c), 

compared to the variant dried at room temperature where no reduction occurred. Considering 

these results, the GO variant dried at room temperature was selected as the material for further 

preparation of Pt/C/G composites, due to its better dispersibility in aqueous solutions 

(favorable for impregnation-reduction method) and better separation of the individual 

graphene sheets. After synthesis of Pt/C/G catalyst, drying at 90 °C played an additional role 

as a reduction step of GO, in order to recover its conductive properties.  

 

Figure 7.4: SEM micrographs of solid GO after drying under different conditions: a) and b) at room 

temperature, c) at 120 °C.  

7.3.2 Characterization of Pt/C/graphene composites 

The crystalline structure of the prepared catalyst was analyzed with XRD and results are 

shown in Figure 7.5. The presented XRD patterns of untreated catalyst and catalysts subjected 

to surface modifications are in good agreement with the reference patterns of carbon and 

platinum. After applying the oxidative treatments, no presence of the peak at 2θ ~10 ° was 
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detected. Thus, it might be assumed that no re-oxidation of the graphene phase took place. 

Comparing different Pt loading, wider reflection peaks of Pt in case of the catalyst with 

40 wt% Pt can be observed, which corresponds to smaller crystallite size (since FWHM is 

anti-proportional to the crystallite size). 

 

Figure 7.5: XRD patterns of synthesized 25 wt% (left) and 40 wt% (right) Pt/C/G catalysts. 

Calculated from Scherrer’s equation the crystallite size of catalysts with 25 wt% and 40 wt% 

Pt was at a level of 5.0 and 3.0 nm, respectively. After applying oxidative treatment, no 

significant changes were observed in the particle size (within one class of Pt content). 

Therefore it is assumed that oxidative treatments had no negative influence on Pt NPs and 

they preserved their catalytic activity. Table 7-1 presents the calculated crystallite size of 

synthesized catalysts and corresponding theoretical ECSA values.  

Smaller particle size in the case of the catalyst with 40 wt% Pt can be explained by the 

synthesis conditions. Although the ratios of individual educts were maintained at the same 

level in both variants, in the synthesis of 40 wt% Pt catalyst, 2-fold higher excess of liquid 

phase (EG + water) to carbon phase was used. Obviously, such conditions prevented the 

particles from agglomeration and allow synthesis of catalysts with a small particle size 

distribution, even at high Pt loading. The incineration method revealed the real Pt content in 

the synthesized catalysts at a level of 26.7 and 43.4 wt%. Such results are in a quite good 

accordance with theoretical values (25 and 40 wt%). Thus, the tested synthetic approach is 

applicable for the preparation of Pt/C/G composites. 
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 25 wt% Pt/C/G 

 Untreated 3 h 105 °C H2O2 3 h 120 °C HNO3 

Crystallite size (nm) 5.0 4.8 5.2 

ECSAtheoretical (m2/g) 55.7 57.8 54.2 

                                 40 wt% Pt/C/G 

 Untreated 3 h 105 °C H2O2 3 h 120 °C HNO3 

Crystallite size (nm) 2.8 2.9 3.1 

ECSAtheoretical (m2/g) 98.5 97.1 91.4 

Table 7-1: Crystallite size and theoretical ECSA values of Pt/C/G catalysts.  

The TEM analysis of produced catalysts provided some insight into morphology and 

interaction between carbon phases present in the composite. Figure 7.6. shows, that graphene 

sheets are distributed irregularly on the Vulcan agglomerates. Most likely the overlapping, 

continuous network of GO sheets got interrupted during the synthesis of the catalyst and 

resulted in the random distribution of individual graphene layers on the long-chain Vulcan 

phase. As images show, the graphene sheets are rather sticking tightly to Vulcan agglomerates 

than being loosely distributed in the structure. 

 

Figure 7.6: TEM images of Pt/C/G composites: a) 40 wt% Pt untreated, b) 40 wt% Pt H2O2 3h 105 °C, c) 

25 wt% Pt untreated, d) 25 wt% Pt H2O2 3h 105 105 °C. 
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These observations allow the conclusion that the layers prepared from Pt/C/G composites will 

have different structures as originally expected (Figure 7.1). Figures 7.6 (a) and (b) 

demonstrate that single Pt NPs rather than agglomerates are well distributed on both Vulcan 

and graphene support, before and after applying the oxidative treatment. 

Observations from TEM analysis were confirmed by the determination of specific surface 

area aBET (Table 7-2).  

Pt content  BET specific surface area  

(wt%) (m2/g) 

 Untreated 3 h 105 °C H2O2 3 h 120 °C HNO3 

25 134 134 122 

Table 7-2: Specific surface area of 25 wt% Pt/C/G catalysts determined by BET analysis. 

Compared to aBET values of a catalyst supported on Vulcan only, (e.g. aBET = 181 m2/g for 

25 wt% Pt/C catalyst) significant reduction of specific surface area was observed for 

composites with graphene. It proves that graphene sheets are wrapping Vulcan agglomerates, 

leading to the decrease of specific surface area, instead of increasing it for the whole Pt/C/G 

composite. As previously reported, milder treatment with H2O2 does not affect the surface 

area significantly, compared to treatment with HNO3 where a decrease to 122 m2/g is 

observed. The specific surface area of untreated 40 wt% Pt/C/G composite was at a level of 

137 m2/g, compared to 134 m2/g of 25 wt% Pt. It can be assumed that Pt NPs are distributed 

evenly on both carbon phases (as shown with TEM analysis) and thus different Pt loading 

does not influence aBET values. 

7.3.3 Colloidal stability 

Similarly to previous experiments, zeta potential and particle size of Pt/C/G catalyst in 

aqueous dispersions were assessed, in order to predict the influence of the colloidal behavior 

on the resulting catalytic layers (Figure 7.7). The presented figures show, that the presence of 

graphene in the composites has no influence on the zeta potential values. The catalysts showed 

good stability of the zeta potential down to -50 mV in the basic and neutral pH range, which 

gradually decreases in the acidic environment due to the protonation of OCFGs on the carbon 

surface. Such observations are in good accordance with the findings obtained in previous 

experiments with Pt/C catalysts. The particle size in the range 200-300 nm also corresponds 

to the results from previous experiments and proves, that size measurements are dominated 

by Vulcan agglomerates, being in high excess in the catalysts compared to graphene  
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(3:1 ratio). Comparing the colloidal stability of catalyst with 40 wt% Pt to catalyst with lower 

Pt loading, higher zeta potential values irrespective of applied treatment can be observed, 

corresponding to smaller particle size and no agglomeration in strong acidic pH range. This 

effect can also be attributed to different synthesis conditions, with higher excess of liquid 

phase compared to total carbon mass (together with smaller crystallite size of Pt commented 

above). Additionally, the originally better stabilized untreated catalyst with 40 wt% Pt is not 

so strongly affected by the applied oxidative treatments, compared to the catalyst with 

untreated 25 wt%, where the positive effect on stability after treatment with H2O2 and HNO3 

can be directly recognized. Regardless of the  Pt content, treatment with HNO3 provides the 

highest stability in the whole range of pH, with zeta potential value up to -25 mV and -30mV 

at pH ~2 for 25 wt% and 40 wt% Pt, respectively. 

 

Figure 7.7: Zeta potential (left) and particle size (right) vs. pH of Pt/C/G catalyst with 25 wt% and 40 wt% Pt. 

Lines are guidelines for the eye.  

After the EPD process, dispersions based on Pt/C/G catalyst, isopropanol, and Nafion also 

underwent colloidal characterization. As presented in Table 7-3, all catalytic inks showed 

stability at a level of -40 ± 3 mV and typically particle size at a level of 250 nm. It indicates 



Functionalization of synthesized Pt/C/graphene composites  

95 

an additional stabilizing effect from negatively charged SO3
- groups in Nafion ionomer, 

especially in the case of the 25 wt% Pt. Therefore it can be expected, that the Nafion content 

in the prepared samples will have a great influence on the structure of the deposited layers 

and their catalytic activity.  

 25 wt% Pt/C/G 40 wt% Pt/C/G 

 Untreated H2O2  

3h 105 °C 

HNO3  

3h 120 °C 

Untreated H2O2  

3h 105 °C 

HNO3  

3h 120 °C 

Zeta potential (mV) -39.0 -41.8 -42.9 -37.0 -38.1 -38.7 

Particle size (nm) 246.0 233.4 239.2 284.3 251.3 255.7 

Table 7-3: Colloidal stability of the Pt/C/G catalysts in IPA dispersions with 14 wt% Nafion content, pH ~6. 

7.3.4 Catalytic layer characterization 

The preparation of catalytic layers proceeded via pulsed EPD method with the same 

parameters as applied in the experiments described in Chapter 6. Microstructure and layer 

thickness of resulting electrodes were characterized by SEM analysis. Catalytic activity was 

determined by comparison of theoretical ECSA calculated from the crystallite size 

(Table 7-1) with experimental ECSA values obtained from CV measurements (detailed 

procedure described in Section 6.2.5). Due to the low deposition rate (Table 7-4) and very 

poor quality of the layers prepared from 25 wt% Pt/C/G catalyst treated with HNO3 (assessed 

optically), CV characterization was impossible in these cases. 

 Deposition rate (mg/cm2) 

 25 wt% Pt/C/G 

 Untreated 3 h 105 °C H2O2 3 h 120 °C HNO3 

14 wt% Nafion 1.28 0.26 0.07 

40 wt% Nafion 0.77 0.97 0.19 

                                 40 wt% Pt/C/G 

 Untreated 3 h 105 °C H2O2 3 h 120 °C HNO3 

14 wt% Nafion 0.52 0.44 0.19 

40 wt% Nafion 0.62 1.31 0.66 

Table 7-4: Deposition rate of the layers prepared on the GDL substrate.  
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 Layer thickness (µm) 

 25 wt% Pt/C/G 

 Untreated 3 h 105 °C H2O2 3 h 120 °C HNO3 

14 wt% Nafion 6.0 5.7 - 

40 wt% Nafion 4.8 2.2 - 

                                 40 wt% Pt/C/G 

 Untreated 3 h 105 °C H2O2 3 h 120 °C HNO3 

14 wt% Nafion 4.2 3.9 1.5 

40 wt% Nafion 5.5 2.3 1.6 

Table 7-5: Thickness of the layers prepared from Pt/C/G catalysts, determined via SEM.  

SEM characterization was performed with layers deposited on FTO plates broken before 

measurement to provide access to cross-sections of the samples. Table 7-5 presents layer 

thicknesses determined from SEM micrographs. Regardless of Nafion and Pt content, the 

layer thickness is reduced with the increase of treatment severity (Figure 7.8 a, c and e). 

However, milder treatment with H2O2 does not lead to such significant thickness decrease, as 

in the case of harsher treatment with HNO3, especially for samples with 14 wt% Nafion. 

Additionally, layers with lower Nafion content (14 wt%) show the typically higher thickness 

and therefore more open layers as deposits prepared with 40 wt% Nafion of more dense 

packing. 

Comparing Pt/C/G catalysts with different Pt content, no significant difference in the 

thickness of the layer can be observed (Table 7-5). In Chapter 6 the straightforward Pt/C 

catalysts were investigated and regardless of treatment, thinner layers were typically observed 

for the samples with more electrocatalyst (due to increasing density of the Pt/C catalyst 

material with the higher Pt loading). Obviously, affected by the presence of graphene, the 

more complex nature of Pt/C/G composites does not allow such a simple correlation between 

Pt content and resulting layer thickness. As proved by TEM analysis (see above), graphene 

sheets introduced to the catalyst structure provide stabilizing support for the catalytic layers, 

where Pt NPs are distributed evenly on both Vulcan and graphene phases, regardless of Pt 

concentration. Additionally, regarding BET analysis no significant difference in the specific 

surface area values, with different Pt content in the catalyst was observed. Since in the Pt/C/G 

composites the Vulcan phase is not so highly loaded with Pt as in the Pt/C catalyst (due to the 
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deposition of Pt on both carbon phases) and is still primarily responsible for the layer 

thickness (due to its higher content in the composite) the layer thickness seems not to be 

affected by increased Pt content to such an extent as in the case of Vulcan-only supported 

catalyst. Figure 7.8 (c), (d) and (f) show a noticeable inhomogeneity in the layer thickness. It 

supports the theory, that overlapping graphene sheets of large area do not form continuous 

interspacing layers between Vulcan agglomerates; instead, single graphene sheets are 

randomly distributed in the layer microstructure. 

 

Figure 7.8: SEM micrographs of the layers prepared from Pt/C/G catalyst on FTO substrate; a) 25 wt% Pt 

40 wt% Nafion untreated, b) 25 wt% Pt 14wt% Nafion untreated, c) 25 wt% Pt 40 wt% Nafion H2O2 3h 105 °C, 

d) 25 wt% Pt 14 wt% Nafion H2O2 3h 105 °C e) 40 wt% Pt 40 wt% Nafion HNO3 3h 120 °C, f) 40 wt% Pt 

14 wt% Nafion untreated.  

The catalytic activity of Pt in CLs prepared from Pt/C/G catalysts is presented in Figure 7.9. 

ECSA utilization of samples prepared from H2O2-treated 25 wt% Pt/C/G catalyst with 

14 wt% Nafion, as well as HNO3-treated 40 wt% Pt/C/G catalyst with 14 wt% Nafion should 

be interpreted with caution. These samples showed a relatively low deposition rate  

(Table 7-4), compared to other layers, and therefore the obtained ECSA values are affected 

by a significant error.  

The 25 wt% Pt/C/G catalyst shows generally higher ECSA values, compared to the catalyst 

with 40 wt% Pt. Most likely, due to lower Pt loading, catalyst NPs are mainly distributed on 

the outermost Vulcan surfaces, where Pt availability for electrocatalytic reactions is higher. 

In the case of the 40 wt% Pt/C/G catalyst, higher Pt loading causes Pt NPs to be located both 

on the external Vulcan surfaces as well as inside the pores. On the internal surfaces, the 

distribution of Nafion ionomer is hindered and therefore the number of TPB sites is reduced. 
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Regardless of Pt content in the catalyst, the following trend can be recognized: the ECSA 

values are increasing for the samples with 14 wt% Nafion after applying oxidative treatments, 

whereas in the case of the sample with 40 wt% Nafion the tendency is opposite. 

 

Figure 7.9: ECSA utilization of Pt for catalytic layers prepared from untreated and treated Pt/C/G catalysts. 

Such an effect can be attributed to the electrostatic interactions between the carbon phases. 

By applying oxidative treatment, additional negative charges are introduced on the surfaces 

of Vulcan and graphene, leading to electrostatic repulsion of these two phases in the colloidal 

dispersion. Such conditions obviously allow carbon phases to settle down in the deposited 

layer and provide a well-defined microstructure. Additionally, Nafion at lower content 

provides a thinner, evenly distributed proton conductive layer, without hindering mass 

transport of gaseous reactants. As SEM analysis revealed, samples with lower Nafion content 

typically resulted in a more open architecture of CLs, with better availability of Pt active sites. 

Moreover, at lower Nafion content, the amount of negative SO3 groups providing additional 

electrostatic repulsion is not as high. Such conditions seem to produce mechanically stable 

layers and to be favorable for increased activity of Pt catalytic sites. As observed for 

25 wt% Pt/C/G, treatment with HNO3 resulted in excess of colloidal stability already in the 

presence of 14 wt% Nafion, making the deposition of mechanically stable layers impossible. 

On the other hand, high Nafion content provided irregular distribution of ionomer in the 

structure and introduced even more negative charges. Combined with additional negative 

groups after oxidative treatments, this resulted in an excess of the colloidal stability. Such 

conditions led to high electrophoretic mobility, but the deposition of well-defined layers was 

hindered due to the too strong electrostatic repulsion between Vulcan agglomerates and 

graphene sheets, resulting in a decrease of ECSA values.  
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7.4 Conclusions 

In this work, the preparation of Pt catalyst dispersed on a support consisting of Vulcan XC72R 

carbon and graphene sheets was conducted. The simplified Hummers method allowed 

exfoliation of graphene sheets, subsequently embedded in Pt/C/G composites. The modified 

impregnation-reduction approach resulted in electrocatalysts with even distribution of Pt NPs 

over both carbon phases. Catalytic layers were prepared by pulsed EPD of Pt/C/G composites 

with modified colloidal stability provided by oxidative treatment with H2O2 and HNO3. The 

conducted experiments showed that individual graphene sheets are randomly distributed in 

the structure, wrapping Vulcan agglomerates instead of forming inter-layers of large specific 

surface area. By applying surface modification to the prepared catalysts, electrostatic 

repulsion between Vulcan agglomerates and graphene sheets was achieved, providing good 

colloidal stability and allowing deposition of the mechanically stable layer with well-defined 

architecture and high availability of Pt active sites. However, such effect was only obtained 

in the presence of Nafion at lower concentration and is attributed to more even distribution of 

the ionomer on the carbon surface and lower amount of negative groups contributing to 

electrostatic repulsion. Low Nafion content additionally resulted in more open layers, 

positively impacting catalytic activity. High Nafion content (40 wt%) obviously provides an 

excess of negatively charged groups and combined with OCFGs introduced via oxidative 

treatment does not allow co-deposition, where Vulcan agglomerates and graphene sheets can 

come in close contact and provide continuous, conductive structure with a high number of 

TPB. Too many OCFGs provided by oxidative treatment with HNO3 typically led to an excess 

of colloidal stability, hindering the deposition of Pt/C/G composite, even at low Nafion 

content. All aspects considered, oxidative treatment with H2O2 was the most suitable for 

Pt/C/G catalyst. For pulsed EPD as catalytic layer preparative method, this approach provided 

balanced colloidal stability, high enough to provide repulsion between carbon phases and their 

high mobility in the dispersion, but also low enough to allow deposition of well-defined CLs, 

resulting in improved catalytic activity. In order to determine the performance of prepared 

catalytic layers under PEMFC operating conditions, further tests in a single fuel cell unit are 

required. Experiments with increased graphene to Vulcan ratio would also be interesting to 

investigate its influence on catalytic layer architecture. Investigation of different GO 

reduction approaches and their analysis with respect to the electric conductivity is also highly 

recommended, in order to find the optimal conditions providing the best electrical properties 

of graphene. 
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8 Summary 

This thesis discusses extensively the influence of chemical pretreatments on the colloidal 

behavior of catalyst dispersions and subsequent electrode formation. The main conclusion of 

the presented work is the following: by tuning of colloidal stability in response to the CL 

formation method, the microstructure of the active layer can be modified and its catalytic 

activity adjusted. The modification of colloid-chemical properties proceeded via oxidative 

treatments and was combined with ultrasonically assisted spraying as well as pulsed EPD as 

CL preparative method. Referring to the research questions listed at the beginning of this 

work, some general conclusions can be drawn. Firstly, the magnitude of electrostatic charges 

i.e. ζ potential has a decisive influence on the microstructure of the resulting CL. By varying 

the colloidal stability of the Pt/C catalyst precursor dispersions, the thickness and density of 

the layers can be modified and adjusted. However, the strength of electrostatic charges can be 

effectively and quantitatively characterized by measuring the ζ potential in aqueous systems 

only. By the addition of Nafion ionomer to the precursor dispersion, the electrostatic effects 

are masked and therefore difficult to distinguish. Secondly, it has been proved that the 

introduction of electrostatic charges on the Pt/C catalyst surface does not weaken the 

electrocatalytic activity of single Pt NPs. Additionally, the investigated colloidal approach 

has found an application for multiple variants of Pt/C catalyst (commercially available 

materials, home-made Pt/C catalysts, and more complex Pt/C/graphene composites) and 

could be successfully employed in both CL layer preparation methods tested in this work. 

However, the colloidal approach has to be individually adjusted to a particular manufacturing 

technique in order to provide optimal CL properties. Finally, the conducted experiments 

showed, that the relationship between applied oxidative treatments and their effect on CL 

formation is strongly determined by the manufacturing process rather than the nature of the 

catalyst. This indicates that the colloidal approach investigated in this work can be extended 

to other catalytic systems. 

A wide range of surface modifications applied to the carbon support Vulcan XC72R provided 

a systematic variation of surface functionalization leading to significant changes of textural 

parameters and colloidal stability. Aggressive treatments performed at elevated temperatures 

provided higher colloidal stability, compared to low-temperature treatments. Considering the 

chemicals used, HNO3 appeared to deliver a higher amount of negative electrostatic charges 

and therefore higher stability than H2O2. As expected, modified colloidal stability of settling 

dispersions directly affected the microstructure of the resulting carbon layers as confirmed by 
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SEM analysis: well-stabilized colloids led to deposits with high density, whereas less stable 

dispersions tended to form more open sediments of low density.  

The oxidative procedures tested on commercial catalysts processed to MEAs via 

ultrasonically assisted spraying confirmed that the colloid chemistry of catalyst inks has a 

decisive influence on the structure of the catalyst layers and subsequently on their 

performance in PEMFCs. Increasing the colloid chemical stability by surface modification of 

the carbon support led to active cathode catalyst layers with altered pore system and therefore 

facilitated mass transport, more accessible Pt sites, and improved ionomer-catalyst 

distribution when compared to inks with non-optimized colloidal chemical characteristics. 

The active Pt particles were not affected by the selected treatments and preserved their 

activity. As a result, PEMFCs built from MEAs using optimized inks showed higher 

performance under moderate and especially high current densities. Treatments with HNO3 

provided even better electrocatalytic performance, compared to the H2O2 variant.  

The up to now under-used pulsed EPD method for catalytic layers preparation allowed 

deposition of nanostructured, porous, and electrocatalytically active layers from synthesized 

Pt/C catalysts. It was shown that proper surface modification of Pt/C catalysts combined with 

the EPD approach resulted in catalytic layers with adjustable morphology. By applying 

various oxidation treatments prior to EPD, the processability of the layers, as well as their 

microstructure and Pt loading could be controlled and adjusted. Treatments with HNO3 

resulted in mechanically unstable layers of poor quality, with reduced deposition yields and 

Pt loadings, whereas functionalization with H2O2 provided mechanically stable porous 

deposits with higher Pt loadings. This tendency is opposite to the findings from the previous 

experiments, where using ultrasonically assisted spraying as the electrode preparation 

method, the best performance was observed for treatments with HNO3. It proves that 

individual adjustment of dispersion colloidal properties with respect to the CL preparative 

technique applied is crucial, in order to produce layers of good quality and performance. Pt/C 

catalysts processed via EPD revealed considerable ECSA utilization, however, no clear trend 

was recognized concerning treatments applied. This indicates high stability and catalytic 

activity of the Pt even after surface modifications and is in good accordance with findings 

from previous experiments. Under EPD conditions layer morphology, as well as Pt loading 

and ECSA utilization were strongly affected by the Nafion content. 

The introduction of graphene into Pt/C catalyst and its combination with oxidative treatments 

has the potential to provide catalytic layers of good mechanical and catalytical properties. 
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Some trends explaining the correlation between oxidative treatments applied with ECSA 

utilization could be recognized. Modified colloidal stability resulted in the deposition of 

mechanically stable layers with well-defined architecture and high availability of Pt active 

sites and therefore improved catalytic activity. Most optimal oxidative conditions considering 

CL performance were provided by treatment with H2O2. As in the case of the home-made 

Pt/C catalysts, the layer morphology, as well as ECSA utilization were strongly affected by 

the Nafion content. Some inconsistency of the results, especially with respect to the layer 

thicknesses observed indicates a much more complex nature of Pt/C/G composites than of 

Pt/C catalyst and requires further investigation.  

This research resulted in the development of a straightforward characterization protocol, 

allowing insight into the correlation between oxidative treatments and CLs properties. 

Applied investigative methods were focused especially on the colloidal behavior of the pre-

treated catalysts (zeta potential, particle size), as well as the analysis of the layer structure 

(thickness, porosity, homogeneity, mechanical stability) and their catalytic performance 

expressed by ECSA. With their help, it was possible to establish optimal treatment 

parameters, (for each CLs preparation method individually) without preparing a whole fuel 

cell set-up. Such an approach, of course, cannot replace completely the final measurements 

in a fuel cell unit, required to properly estimate the cell performance under operating 

conditions. However, it provides enough information to preliminary evaluate in detail the 

properties of resulting CLs, reducing the time and costs of the experimental procedure.  

The experiments presented fill a knowledge gap in understanding the influence of colloidal 

stability of the catalytic dispersions on CL formation. This study suggests tuning the 

microstructure of MEAs with the focus on the CCL by adjustment of colloid chemistry in 

catalyst dispersions in order to increase the electrochemical availability of existing Pt sites 

and adjust the porosity of the cathode catalyst layer. The colloidal approaches can increase Pt 

utilization, thus reducing the necessary Pt loading of the PEMFC cathodes. It has been shown, 

that the same treatment conditions were not universal for different CL preparation methods. 

Optimal treatment parameters have to be found first and adjusted individually to the particular 

method and active material in order to improve CL microstructure and its performance. 

As an outlook for the future, further investigation of pulsed EPD as the CL preparative method 

is highly desired. EPD approach applied in this work offers a range of parameters not available 

in other techniques to tune CL properties. Some trends and guidelines for such explorations 

have been presented in this work. However, further tests of EPD-prepared MEAs in working 
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fuel cells under operating conditions are required to evaluate properly the catalytic 

performance of the fabricated layers and their long-term stability.  

In the case of novel Pt/C/G composites, experiments with increased graphene to Vulcan ratio 

would be interesting to investigate its influence on the catalytic layer architecture. 

Additionally, deeper insight into available GO reduction procedures is highly recommended 

in order to provide optimal electrical properties of graphene. Also, the application of a wider 

range of oxidative modifications could help to better understand the relationship between 

treatment and properties of the resulting layers. Finally, the presented colloidal approaches 

can be further applied to other catalytic systems, based on different catalyst NPs and carbon 

supports. 
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