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Renewable energy conversion and storage using chemistry has become a pivotal issue insolving the global energy challenge. In particular fuel cells, owing to their high efficiencyand fuel flexibility, will play a critically important part to use electrochemical energy forstorage in molecular bonds. However, high catalyst cost and limited catalyst durability atthe fuel cell electrodes have long hampered a broader technology deployment of fuel cells,in particular of low temperature Polymer Electrolyte Membrane Fuel Cells (PEMFC).Typically, nanoscale materials such as nanoparticles are employed as catalytically activeelectrode components. This is because nanoparticles offer a large electrochemical surfacearea (ECSA), which is indispensable for useful electrochemical power densities. However,the large surface area of the nanoparticles also tends to be unstable due to their highsurface energy. The proper mechanism of catalyst performance loss is poorly understood.The overall objective of this thesis was to determine the parameters, which control theactivity and the durability of such fuel cell catalysts. To achieve that different strategieswere developed: The structural dynamics and growth of particles with different shapes ona variety of carbon supports were compared and catalyst/support couples that exhibitedimproved structural stability were identified. Moreover the composition of the NP catalystwas modified by adding a less noble metal in the particle structure. The mechanism of intraparticle dynamics was investigated in situ to obtain more information on the dramaticallyenhanced electrochemical catalyst performance. Additionally, an advanced approach ofparticle stability improvement by modification of the support structure with additionalelectron donor functional groups was developed.In summary, this work has determined the dominant degradation mechanisms of metalnanoparticles during electrocatalysis and identified novel catalyst/support materials withimproved stability and activity.



Für den erfolgreichen globalen Energiewandel sind die Umrüstung auf erneuerbare Ener-gien und ihre Speicherung in chemischen Bindungen stetig an Bedeutung gewinnendeKriterien. Hier zeichnen sich insbesondere Brennstoffzellen mit ihrer hohen Effizienz undflexiblen Betrieb im praktischen Einsatz aus, da die derartig genutzte Umwandlung der inchemischen Bindungen gespeicherten Energie in nutzbare Elektrizität eine Schlüsselrolleim globalen Energiewandel einnimmt. Allerdings erschweren die Kosten und Lebensdau-er der in den Zellen verwendeten Katalysatoren eine übergreifende industrielle Imple-mentierung dieser Technologie, speziell der Polymer-Elektrolyt-Membran Brennstoffzellen(PEMFC).Die Implementierung von katalytisch aktiven Nanopartikeln an den Elektroden einer PEM-FC erhöht erheblich die elektrochemisch nutzbare Oberfläche und liefert einen unverzicht-baren Beitrag zu hohen elektrochemischen Stromdichten. Diese große Oberfläche scheintjedoch auf Grund der ebenfalls hohen Oberflächenspannung der Nanopartikel nicht stabilzu sein, was durch einen Verlust der katalytischen Leistung bemerkbar wird. Die genauenAbläufe dieses Leistungsabbaus sind nur in Ansätzen verstanden.Diese Doktorarbeit beschäftigt sich hauptsächlich mit dem Bestimmen der relevanten Para-meter, welche die Aktivität und die Langlebigkeit solcher Katalysatoren in Brennstoffzellenbedingen. Hierfür wurden mehrere Strategien verfolgt: Es wurden strukturelle Dynamikenund Wachstumsprozesse verschieden geformter Partikel auf einer gewissen Typenauswahlvon Kohlenstoffträgern verglichen und Paare von Katalysator-Träger mit nachgewiese-ner hohen Langlebigkeit identifiziert. Außerdem wurde durch das Hinzufügen von wenigeredlen Metallen zum Katalysator die chemische Zusammensetzung der Nanopartikel verän-dert. Die daraus resultierende deutlich gesteigerte elektrochemische katalytische Leistungwurde in situ untersucht, um die innerpartikulären dynamischen Abläufe aufzuklären. Zu-sätzlich wurde für eine verbesserte Katalysatorstabilität eine Methode zur Modifikationder Partikelträgerstrukturen mit erweiterten Elektronen-Donor funktionellen Gruppen ent-wickelt.Zusammengefasst hat diese Arbeit die dominierenden Abläufe des elektrokatalytischenLeistungsabbaus von metallischen Nanopartikeln bestimmt und neuartige Katalysator-Träger-Kombinationen für eine mögliche Steigerung der Stabilität und Aktivität von Brenn-stoffzellen identifiziert.



Danksagung

Hiermit bedanke ich mich bei Herrn Prof. Dr. P. Strasser für die Möglichkeit der Durchfüh-rung dieser Dissertationsarbeit, die insbesondere durch die freie Gestaltungsfreiheit unddas ausgeprägte Selbstbestimmungsrecht der Ausführung maßgeblich geprägt wurde.Ich danke Herrn Prof. Dr. K. Rademann für die freundliche Übernahme des Koreferats.Herrn Prof. Dr. A. Thomas danke ich für die freundliche Übernahme des Vorsitzes desPrüfungsausschußes.Ein besonderer Dank gilt den Mitarbeitern der Arbeitsgruppe TC03 der Technischen Uni-versität Berlin für die angenehme Arbeitsatmosphäre. Den Kollegen Herren Dipl.-Ing. S.Rudi, Dipl.-Ing. T. Reier und Prof. Dr. P. Strasser danke ich für ihr Engagement bei meh-reren Synchrotron-Messzeiten. Ich bedanke mich herzlich bei den Herren Dipl.-Ing. S.Rudi und B. Sc. M. Neumann für die im Rahmen ihrer Abschlußarbeiten durchgeführtenSynthesen, die diese Dissertation erheblich beeinflußten.Ich danke Herrn Dr. A. Hoell, Dr. S. Haas und Dr. V. S. Raghuwanshi für die ausgiebigeUnterstützung bei den am Helmholtz-Zentrum Berlin durchgeführten Experimenten.Herrn Dipl.-Ing. S. Selve danke ich für die freundliche Unterstützung bei all den Fragenrund um TEM.Herren Dr. J.-P. Paraknowitsch, Prof. Dr. A. Thomas und Dipl.-Chem. R. Illgen danke ichfür die nette und erfolgreiche Zusammenarbeit.Meinen Freunden M. Sc. S.-J. Tenne, Dipl.-Chem. A. Simo, Dipl.-Chem. U. Reinhardt,Dipl.-Chem. N. Abdulhanan, Dipl.-Ing. N. Hundertmark, Dipl.-Ing. R. Reske und Dipl.-Ing.R. Eichenauer und danke ich für den sooft dringend nötigen Ausgleich und die reichlichemoralische Unterstützung.Meiner Familie danke ich für all die Geduld, das Verständnis und das eiserne Rückgradin allen Lebenssituationen. Meinem Ehemann, Robert, danke ich für einfach alles. Ohneihn wäre diese Arbeit definitiv nicht das, was sie ist.



It ain’t what you don’t know that gets you into trouble.It’s what you know for sure that just ain’t so.Mark Twain
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1. Introduction

1.1. Fundamentals of fuel cell catalysis

Renewable energy conversion and storage using chemistry has become a pivotal issue insolving the global energy challenge. In particular fuel cells, owing to their high efficiencyand fuel flexibility, will play a critically important part to use electrochemical energy forstorage in molecular bonds. However, high catalyst cost and limited catalyst durability atthe fuel cell electrodes have long hampered a broader technology deployment of fuel cells,in particular of low temperature Polymer Electrolyte Membrane Fuel Cells (PEMFC).A PEMFC is an electrochemical device that converts chemical energy into electricity.Chemical reactions provide the required electron flow that can be trapped by an externalappliance.Such an electrochemical device consists of two separated half cells, both including anelectrode, as shown schematically in figure 1.1. On the one side of a fuel cell a cathodeis integrated, where the reduction reaction occurs; on the other an anode is installed,where the oxidation reaction takes place. To afford mass transport of produced chemicalions a separator - an exchange membrane - must be positioned between the half cells.Several different types of fuel cell assemblies have been developed in the past,1–3 such ase.g. Proton Exchange Membrane FC (PEMFC), Direct Methanol/Ethanol/Formic Acid FC,Solid Oxide FC (high temperature FC), Molten Carbonate FC.The studies in this thesis focus on the hydrogen fuel cell, which is a PEMFC-type devicethat implements the two electrochemical reactions of interest: anodic hydrogen oxidationreaction (HOR) and cathodic oxygen reduction reaction (ORR):
HOR : H2 
 2H+ + 2e− (1.1)
ORR :

1

2
O2 + 2H+ + 2e− 
 H2O (1.2)

The conversion of hydrogen with oxygen contained in air produces water as the mainproduct. Hence, protons produced on the anodic side of the FC migrate to the cathode in
1



1. Introduction 2
order to react with oxygen anions and finally build water molecules. Simultaneous protonmigration and half cell separation is usually realized by a semipermeable proton exchangemembrane (PEM).

Figure 1.1.: Scheme of a PEMFC assembly. PEM separates the electrodes, which consist of con-ductive carbon nanoparticles loaded with catalytically active Pt nanoparticles, respec-tively. Gas diffusion layers guarantee a homogeneous distribution of reactant gases H2on the anode and O2 on the cathode, which are converted during PEMFC performanceto water.
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1.2. Challenges of PEMFC assemblies

Slow kinetics of the ORR gives rise to a significant cathode overpotential, which acts to adecrease of the FC electrical efficiency. Hence, essential for a high rate of chemical con-version is the availability and development of highly active catalyst materials as electrodecomponents.Pt is one of the most favored materials in terms of its high hydrogen affinity. However,manufacture of electrodes must supply not only high rates and high quality, production costefficiencies must be concerned also. The price of the scarce Pt is high and the amount ofthe metal on the electrodes are limiting factors in FC production. An advanced approachof cost minimization has been realized by replacing the bulk catalyst by nanoparticlesacting as catalysts.Metal nanoparticles offer a huge electrochemical surface area (ECSA) per mass unit com-pared to a bulk material. Especially Platinum-based catalysts at the nano scale have beendeveloped for fuel cell applications. Studies on these scarce metal based catalysts haveindeed evidenced high mass based ORR activity,4–10 however, stability tests evidenceda continuous ESCA loss. The mechanism of catalyst performance loss is poorly under-stood.6;9–11 Several processes, which contribute to the performance loss of a fuel cell, areintroduced in the following section.
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1.3. PEMFC catalyst degradation mechanisms and fuel cell

catalyst durability research

Besides catalysts activity, one of the key issues for the commercialization of PEMFC is thedurability of the used catalyst. Currently, the lifetime of the used catalysts does not satisfythe requirements for commercial technologies.3;9;12–14 Major processes, which contribute atthe micro scale to the loss of the elecrochemical performance of a metal-nanoparticlesbased FC catalyst can be described as follows.
1. Coalescence describes the process of aggregation of some particles leading to adecrease of overall particle number by the formation of bigger particles (figure1.2).5;6;10;15–17 The mechanism can be described generally by 2D motion of Pt particlesand coalescence when particles meet.18

Figure 1.2.: Scheme of particle coalescence.
Ruckenstein and Pulvermacher18 established equations for the time dependence ofthe distribution of crystallite sizes and for the decay of the exposed surface areaof metal for both homogeneous and non-homogeneous surfaces. The results showedthe rate of particle growth was found to depend on particle loading on the carbonsupport. Shao Horn et al. evidenced particle coalescence from transmission electronmicroscopy (TEM) measurements. The micrographs reflected several single crystalsof Pt jointed together on the carbon support. However, the overall results of theperformed degradation study showed that coalescence was accompanied by otherprocesses, such as particle dissolution or Ostwald ripening.2. Dissolution of Pt is one of the degradations mechanisms reported widely in literature(figure 1.3).5;6;10;17;19–23
Holby et al.17 determined the Gibbs-Thomson energy, which gives the change inchemical potential as a function of particle diameter, to be a leading parameter in
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Figure 1.3.: Scheme of catalyst surface area loss due to dissolution of particles by formation ofmetal ions Mn+.
particle degradation and can be expressed as:

EGT = µ(d)− µ(∞) =
4γΩ

d
, (1.3)

where EGT is the Gibbs-Thomson energy, µ(d) is the chemical potential of a particlewith a diameter d, µ(∞) is the chemical potential of a flat surface, γ is the surfaceenergy of the particle (γPt = 0.148 eV/Å2)22 and Ω is the volume per atom (ΩPt =15.4 Å3/atom)22.The The Gibbs-Thomson energy contributes to the dissolution thermodynamics andkinetics of Pt nanoparticles in terms of increase of Pt solubility and enhancementof of the dissolution rates of Pt.10;22 Holby et al.17 developed simulations, whichdemonstrated that there is a critical enhancement in stability, due to rapidly changingGibbs-Thomson energies, in the region from 2-3 nm to 4-5 nm particle sizes. Hence,particle size effect,20;23–27 which describes the relationship of surface area loss andparticle size, was determined to play a key role in catalyst stability.Darling et al.22 presented a mathematical model including the equation 1.3, whichestimated the particle dissolution rate as a function of particle diameter. The resultsshowed a very strong dependence of dissolution rates on the particle diameter andsuggested that dissolution continues at a fixed flux until the particle is dissolvedcompletely. Solely particles larger than 5 nm had the required stability to remainsolid.3. An Ostwald ripening28–33 mechanism can be described as inter particle transport ofsingle ions: dissolution of small particles and redeposition of the produced specieson the surface of bigger particles (figure 1.4) Overall increase of particle size is theconsequence.28–30;32;34
Bett et al.31 proposed Pt catalyst degradation by Ostwald ripening by their ex-perimental investigation performed on 5%wt and 20%wt Pt/C, where neither the
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Figure 1.4.: Scheme of Ostwald ripening driven particle growth. Small particle dissolve and formmetal ions Mn+, which subsequently depose on the surface of particles bigger in size.
effect of Pt loading nor the potential dependance on the Pt area loss was observed.Similar particle dynamics were assumed recently by Gilbert et al.33. The authorsconcluded an Ostwald ripening mechanism (dissolution of small Pt nanoparticles andre-deposition on existing particles) in addition to the reflection of the contributionof Pt-oxide formation to particle growth. Additional reports in literature33;35–37 iden-tified Pt oxidation to most likely contribute to surface area loss of such scarce metalnanoparticle catalysts.4. Carbon support oxidation and a consequent loss of Pt nanoparticles by detachmentfrom the conductive support and Pt oxidation. (figure 1.5).5;6;10;11;33;35;36;38–41 While Ptacts as a catalyst for HOR and ORR, it also enhances carbon oxidation. The corrosionreaction of carbon material in aqueous acid electrolytes can be generalized by:42

C + 2H2O → CO2 + 4H+ + 4e− E = 0.207 V . (1.4)
Due to its high kinetic barrier (≤ 1.0 V) the reaction can be neglected at the the op-erating potentials of a FC. However, a long term durability can be affected by carboncorrosion. Such corroded carbon backbones collapse and weaken the interaction tosupported particles, causing a particle detachment from the conductive support.

Figure 1.5.: Scheme of catalyst degradation by oxidation of particles and support.
Previous studies evidenced a direct relationship of catalyst stability and corrosionof the carbon support.5;6;10;11;39–41 Especially in a potential range above 1.2 V carbon
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corrosion, has been attributed to be one of the main degradation mechanisms. Theprogress of carbon oxidation depends on the carbons properties, such as structureand porosity.25;39;41;43 Electrochemical treatment of a catalyst below 1.2 V also dimin-ishes catalyst performance. However, in this potential range catalyst degradation isattributed more to particle degradation than to carbon oxidation.5;6;8–10;15;19;23;25;26;44;45An ex situ method was used by Borup et al.5. The author conducted x-ray diffraction(XRD) measurements on electrochemically treated membrane-electrode-assemblies(MEA) to identify the cause of observed Pt surface area loss. Evolution of particlesize evidenced particle growth, which was accelerated by potential cycling. Further-more, the results clearly showed that the growth rate was increasing with increasingthe upper potentials, where carbon corrosion was observed to increase as well.5. Particle detachment from conductive support affects a loss of electrochemically avail-able surface area even though the catalyst particles are still present in the cell (fig-ure 1.6).33;39 One approach to characterize the processes affecting decreased catalystperformances is the employment of microscopy techniques, i.e. TEM.10;15

Figure 1.6.: Scheme of catalyst performance loss by particle detachment.
Mayrhofer et al.15 implemented a TEM grid coated with a catalyst film in an electro-chemical setup and characterized the catalyst particles after potential cycling. Parti-cle size histograms were evaluated by post mortem micrographs from such grids. Theauthors suggested a corrosion mechanism, which involved particle detachment fromcarbon and a subsequent dissolution of Pt into the electrolyte without redeposition,and refuted the Ostwald ripening mechanism.The detailed mechanisms of catalyst degradation and their relation to fuel cell performanceloss is still poorly understood. A mechanism was typically suggested from ex situ investiga-tions due to the isolation of the particles from experimental condition, such as electrolyteenvironment. Theoretical studies17;18;22;45–47 have implemented the electrochemical envi-ronment, though proper conditions could not be simulated due to the approximations, thathad to be made for calculations. Hence, a coupling of ex situ and theoretical studieswith an experimental in situ study provides a perspective approach to gain more relyableknowledge on durability mechanisms and the corresponding leading parameters.
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1.4. Goals of this thesis

This thesis contributes to the understanding of PEMFC Pt and Pt-alloy catalyst instabil-ities. The overall objective was to determine the parameters that control the stability of aPEMFC cathode catalyst. To achieve this objective the following was studied:
Initially the dependence of catalyst stability and activity on the shape of nanoparticlecatalysts was evaluated. For this purpose the performance of cubic and spherical Ptnanoparticles supported on Vulcan XC 72R carbon (VC) were compared.
Next, the elemental composition of the catalyst nanoparticles was changed in order tooptimize the activity. The study was based on electrochemical performance comparison ofpure Pt and PtNi alloy nanoparticles supported on VC, respectively.48;49 Alloy catalystsstructure and intra particle dynamics and were linked to a modified catalyst performanceaffected by electrochemical treatment and afford conclusions on activity impacts.
Further focus was placed on catalyst degradation studies. In order to establish a clearerpicture on the main degradation mechanisms Pt nanoparticles supported on different typesof carbons were characterized. Catalyst degradation mechanisms and a resulting perfor-mance loss were considered in respect to the characteristics of the support, especiallyconcentrating on the carbon surface area contributions.
Additionally, an advanced approach of particle stability improvement by modification ofthe support structure with additional electron donor functional groups was developed anddiscussed. Contributions of homogeneously embeded nitrogen atoms in a carbon graphitestructure to nanoparticle stability were considered, followed by studies of the effect ofN-containing coatings on an unmodified carbon backbone.
These investigations aimed to provision of an extended knowledge for PEMFC catalystdurability leading parameters and to enable optimization by a controlled particle synthesis,tailoring the desired catalyst stability, activity and costs.



2. Theoretical Aspects

This chapter provides an overview of theoretical backgrounds of used analytical methods.The techniques described in this chapter are introduced according to the contribution tothe main objectives of the thesis. Occasionally used methods (TEM, ICP-OES, BET, XRD)are discussed briefly. Detailed theoretical background is given for methods giving resultsto the main subject of the thesis (LSV, CV, SAXS, ASAXS).In case of a specialized technique the technique basics are given in the respective chapter.Experimental procedures including information on used experimental equipment are givenin the following chapter 3.
2.1. Transmission electron microscopy (TEM)

TEM is a microscopic method that provides information on sample nature at high mag-nifications. The analytical technique provides visual insights in materials structure withresolutions up to few nanometers or Ångström.The method is based on detection of transmitted electrons within a very thin specimen.Hence, TEM investigations require distinct sample preparations and thus are mainly usedfor ex situ characterizations of a material. TEM-images are visualizations of interactionsof the electron beam with the atoms in the sample. At high magnifications used in high-resolution TEM (HRTEM) complex wave interactions modulate the intensity on an image.This type of microscopy is based on a complex setup of various compounds, such as a stablehigh-vakuum systems, a designed electron gun, optical electron beam focusing systembased on usage of electrostatic or magnetic lenses. An elaborate aperture provides thedesired information on visible materials characteristics on nanometer scale.
2.2. Brunauer-Emmet-Teller (BET) adsorption isotherms

Physical adsorption of gas molecules can be used in order to determine several charac-teristic parameters of an analyzed solid material: specific area, pore volume and structure,
9
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mean pore size and pore distribution.50 Governed by non-covalent van der Waals forcesthe approach of substrate coverage by gas molecules is based on a theoretical model de-veloped by S. Brunauer, P. H. Emmett and E. Teller., which was named after the authors.51The concept of BET-characterization is based on the following hypothesises:

- adsorption occurs at the lattice of a solid and the molecules direction is upwards;- initially first monolayer is adsorbed on the bulk surface and each following layercan start only after its completed coverage;- except the first layer, a molecule can be adsorbed on a nth-layer center ∗, if such acenter exists in the (n− 1)th layer;- at saturation pressure (p0) the number of adsorption layers is infinite (lim
x→1

n =∞ for
x = p/p0);- except the first layer the adsorption enthalpy is equal for each layer.

The theory of gas molecules adsorption consisting of several defined layers requires ad-ditional assumptions: all of the adsorption centers ∗ are equal; there is no interactionbetween the adsorbate molecules; adsorption centers ∗ are statistically occupied.Using the saturated pressure p0 of an adsorbate gas (p0(N2) ≈ 1020 mbar, p0(Ar) ≈ 260mbar, p0(Kr) ≈ 28 mbar) the BET-isotherm can be expressed as
x =

p

p0

, (2.1a)
c = exp

{
E0 − EL

RT

}
, (2.1b)

Vads =
vm · c · x

(1− x) · (1 + (c− 1)x)
. (2.1c)

Here, the variables are: p and p0 are the equilibrium and the saturated pressure, c is theBET-constant, E0 is the adsorption energy of one adrorbate molecule in the first layer,
EL is the equivalent energy for the second and higher layers, Vads is the adsorbed gasquantity in volume units and vm is the gas volume in one adsorbed monolayer.To determine vm the adsorption cross section of the adsorbing species σ has to be given(σ(N2, 77K) = 0.162 nm2, σ(Ar, 77K) = 0.142 nm2, σ(Kr, 77K) = 0.202 nm2). To evaluatethe values for the total surface area SBET,total and the specific area SBET of the analyzed
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solid material the BET-isotherms(2.1c) must be transformed into:

x

Vads(1− x)
=

1

vm · c
+

c− 1

vm · c
· x, (2.2a)

SBET,total =
vm · NA · σ

V
, (2.2b)

SBET =
Stotal

a
, (2.2c)

where NA is the Avogadro number, a is the mass of adsorbent solid material (in g) and Vis the molar volume of the adsorbate gas. The slope and the intercept reveal the valuesfor gas volume in one adsorbed monolayer vm and the BET-constant c, which additionallyrepresents the quality of the measurement. (For 20 < c < 300 the BET approach is notvaluable).
2.3. Inductively coupled plasma optical emission spectroscopy

(ICP-OES)

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is a method usedfor detection of trace metals based on production of excited atoms and ions in a plasmathat emit element specific electromagnetic radiation. The intensity of such emission givesquantitative information on concentration of a particular element.
2.4. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy characterizes a material in terms of its elemental com-position, chemical state and electronical state of its contained elements. The material isexcited with x-rays while the kinetic energy and the number of electrons that escape fromthe top 1-10 nm of the material is analyzed.This surface chemical analysis technique is based on element characteristic set of x-rayphotoelectrons, which are detected by counting the number of photoelectrons as a functionof their binding energy. Peaks from a XP spectra reveal a direct identification of eachelement that exists on or in the top layers of a material. Those peaks correspond to theelectron configuration of the electrons within the atoms (e.g. 1s, 2s, 2p etc.) and thenumber of electrons in each such peak is directly related to the amount of an elementwithin the irradiated area.



2. Theoretical Aspects 12
2.5. X-ray diffraction (XRD)

X-ray diffraction is a powerful tool for crystalline particle characterization. The methodprovides data with elevated statistical relevances. With respect to the introduced mi-croscopy technique TEM XRD provides several advantages, involving simple and fastsample preparation, uncomplicated experimental executions and statistically relevant eas-ily interpretable results.The method is based on elastic scattering of x-ray on a well ordered crystal structure.Crystals characteristics are governed by periodic atom arrangements defined by a unit cellof the crystal structure, which build crystal planes, as shown schematically in figure 2.1.The technique is based on studying the diffraction patterns, which result from interferenceof elastically scattered x-rays. Bragg’s law52 gives a relationship between the incidentirradiation wavelength λ, its scattering angle θ and the distance between the crystal latticeplanes d, where n is an integer:
2d · sin θ = n · λ . (2.3)

Figure 2.1.: Visualization of Bragg equation. Maximum scattered intensity is only observed whenthe phase shift add to a multiple of the incident wavelength λ.
In terms of crystal characterization the observed diffraction patterns are integrated toexhibit scattering intensity as a function of scattering angle. The crystallite size is deter-mined by studying the shape of the observed diffraction peaks.The broadening of an observed diffraction peak can be characterized in a simplistic wayby its Full Width at Half Maximum (FWHM) value at a particular 2θ angle. Because theapparent FWHM of a peak is a mathematical combination (convolution) of the specimenbroadening FWS and the instrumental broadening FWI, it is necessary to characterizethe goniometer in use to obtain the FWI values as a function of 2θ angle, i.e. an FWHM



2. Theoretical Aspects 13
curve. This can be done by acquiring a good scan pattern from a standard referencematerial that does not exhibit significant specimen broadening. These FWHM valuescan be considered to represent the instrument broadening FWI, because the specimenbroadening is negligible.The first advanced concept on application of the line broadening technique was developedby Scherrer.53 If the crystallites (i.e., crystalline domains) in the specimen are free of latticestrain, their average size DXRD can be estimated from the specimen broadening FWS ofany single peak in the observed pattern according to the Scherrer formula (eq. 2.4), whereK is the shape factor of the average crystallite with a typical value of 0.89 and λ is thewavelength of irradiating x-ray in Ångström.

DXRD =
K · λ

FWS · cosθ
, (2.4)

2.6. Electrochemical methods

Characterization of a catalyst in terms its electrochemically active surface area (ECSA)and its activity for a half cell reaction of interest (here ORR, as described in chapter1.1) isa key issue in fuel cell research.1–3;6 The as prepared catalyst powders, are usually testedon rotating disc electrodes (RDE) in order to determine the desired information. RDEtechnique allows accurate and reproducible electrochemical catalyst characterization.54;55Each experiment requires preparation of a catalyst ink. Initially polished RDE is thencoated with the catalyst suspension in order to build a homogeneous catalyst film. Suchprepared RDE acts as working electrode and together with additional counter and refer-ence electrodes is installed in an electrochemical cell in order to perform electrochemicalinvestigations. The setup yields, depending on the selected potentiostate settings andexperimental conditions, the electrochemically relevant parameters.Commonly, stability tests of a fuel cell catalyst are performed using the cyclic voltammetry(CV) technique. Applying an accelerating stress test (AST) protocol and determining ECSAestimates after a certain number of CVs the ECSA change is observed as a function ofpotential cycles number. Correspondingly, the activity of a fuel cell catalyst for ORR isestimated from linear sweep voltammogramms (LSV).In this section some relevant theoretical aspects on the mainly in this thesis appliedelectrochemical techniques CV and LSV will be given.
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2.6.1. Cyclic voltammetry (CV)

Current density signal as a function of potential reveals the information on chemical pro-cesses taking place in an electrochemical cell. For CV experiments a triangular potentialprotocol is applied on the working electrode, whereas the the current is monitored. Figure2.2 demonstrates a CV measurement performed on Pt nanoparticles supported on a highsurface area carbon (HSAC) containing catalyst in 0.1 M HClO4 with a potential scanrateof 50 mV · s−1.Current signal identifies two main reversible reactions taking place on Pt nanoparticlessurface: hydrogen underpotential ad- and desorption (0.05–0.40 V) and oxygen ad- anddesorption (0.60–1.10 V).54ECSA of Pt can be determined by calculation the area under the Hupd-correspondingcurrent peak (eq. 2.5a) and dividing this experimentally accessible value by the theoreticalvalue Qtheo (eq. 2.5b) that is the amount of charge produced by hydrogen moleculescovering a Pt surface, assuming one hydrogen occupying one Pt atom. Finally the Pt areaestimate is divided by mass of Pt deposited on the RDE disk (2.5c).
Qexp =

∫ φ2=0.40V

φ1=0.05V

I(φ)dt , (2.5a)
Qtheo =

210µC

cm−2
Pt

, (2.5b)
ECSA =

Qexp

Qtheo ·massPt

. (2.5c)
2.6.2. Linear sweep voltammetry (LSV)

ORR activity can be estimated using the LSV technique.3 The reactant, O2 is inserted inthe electrolyte by saturating the solution with Oxygen gas. Current density is detected asa function of an anodically sweeped potential. The obtained polarization curve consists ofthree regions controlled mainly by: i) diffusion, ii) kinetics of the reaction and iii) mix of iand ii, as illustrated in figure 2.3. Such separation is deduced from the Koutecký-Levich
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Figure 2.2.: Cyclic voltammogram of nanocrystalline Pt / HSAC in 0.1 M HClO4. The solutionwas purged with N2 and the measurement was cariied out at 25°C with 50 mVs−1.Red region marks the area of Hupd-region used for ECSA calculations, where first thecapacitive current jc was subtracted.
equation (2.6a), which is valid for a rotating electrode:

1

jsum

=
1

jkin

+
1

jdiff

,

=
1

jkin

+
1

BCOω
1
2

; (2.6a)
BCOω

1
2 = 0.62nFD

2
3
Oω

1
2ν−

1
6 CO . (2.6b)

where the variables are: jdiff : diffusion limited current density, jkin: kinetic limiting currentdensity, BCOω
1
2 : Levich equation, CO: O2 solubility of in the electrolyte (1.18 mol m−3)56,

n: number of electrons required per mole of reactants, F: Farraday’s constant (96485.341
C mol−1), DO: diffusion coefficient of Oxygen in the electrolyte (= 1.9 · 10−9 m2 s−1 56), ν:viscosity of the electrolyte (0.893 · 10−2 cm2 s−1)13, ω: rotation rate of the RDE in rpm (1rpm = π/30 rad s−1)57.In terms of a rotating working electrode, the mass transport limited current density can beneglected due to a high velocity and a consequent minimization of mass transport problems.The diffusion limited current density can easily be obtained by calculating the mean value
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Figure 2.3.: Example of a LSV measurement performed in O2-saturated 0.1 M HClO4 with a scan-rate of 5 mVs−1. Region used for determination of diffusion limited current density
jdiff is red-coloured.

of the current density in the corresponding potential region (0.2–0.5 V vs RHE), as shown infigure 2.3. To calculate the kinetic limited current density jkin the detected current density
jsum at a potential of 0.9 V vs RHE was established to be a suitable value.3 Subsequently,estimate jkin from expression 2.6a is divided by Pt mass contained on a square centimeterof RDE in order to specify a quantitative Pt-mass based catalyst activity.
2.7. Small angle x-ray scattering (SAXS)

2.7.1. Fundamentals

Small angle x-ray scattering is a powerful analytical tool for characterization of nanoscaled systems, such as nanoparticles of different shapes and sizes. An outstanding ad-vantage of this non destructive technique is the possibility of probing samples in an un-modified environment during a reaction performance. In this research nanoparticles ofdifferent shapes and compositions were monitored in situ during electrochemical treatmentin a fuel cell environment.SAXS is based on elastic scattering of x-rays on the electron clouds of the particle’s atoms.
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Figure 2.4 illustrates schematically the basic principle of scattering: Two parallel incomingx-ray waves (wave-vector −→k0) are scattered (resulting wave vector −→k ) on two electrons ofa particle with a distance −→r . Scattering of two photons on different scattering centersresults an interference of the out coming x-ray waves. A phase shift ∆ϕ is a consequenceof the different path lengths x of the scattered photons. Hence, a detected signal is thescattering intensity as a function of scattering angle.As it is valid for all kind of waves, the intensity per volume unit is proportional to thesquare of the amplitude magnitudes. To calculate a scattering amplitude a phase ∆ϕ hasto be determined. To achieve that the wave vectors are used. As mentioned above, vector
−→
k0 defines the incident wave and −→k the scattered one. The magnitudes of the wave vectorsare: ∣∣∣−→k0

∣∣∣ =
∣∣∣−→k ∣∣∣ =

2 · π
λ

. (2.7)
The phase is therefore ∆ϕ:

∆ϕ = −→r
(−→

k −
−→
k0

)
=

2π

λ
r (k − k0) = −→q −→r . (2.8)

Equation 2.8 introduces the scattering vector −→q , which can be expressed as:
−→q =

(−→
k −
−→
k0

)
= and |−→q | = 4 π

λ
· sin(θ). (2.9)

The magnitude of the scattering vector (eq. 2.9) allows a comparison of the scattering curvesobtained with different instruments or different excitation wavelengths. It is convenient touse a wavelength independent parameter, such as −→q , because the wavelength λ of theincident beam is adjusted for every instrument depending on the selected x-ray source.Scattering patterns consist of the scattering intensity as a function of scattering vector.

Figure 2.4.: Scheme of small angle x-ray scattering (SAXS) principle.



2. Theoretical Aspects 18
The scattering intensity is the square of the wave amplitude and can directly be calculatedusing ([A (−→q )]) and the corresponding complex conjugate ([A (−→q )]

∗) magnitude, which canbe expressed as:
I (−→q ) = A (−→q ) · [A (−→q )]

∗
. (2.10)

The amplitude Asum (−→q ), (the sum of all secondary waves Aj in phase, scattered with anangle θ at all present scattering centers), is given by the sum of all N outgoing sphericalwaves. Thus, the interference is only dependent on the phase shift of each secondara wave(eq.2.8), which is defined by the position of the scattering centers. Herewith the expressionfor Asum is given as follows, assuming the atoms as scattering centers and defining thenumber of electrons at each atom j proportional to the scattering length density nj:
Asum (−→q ) =

N∑
j=1

njAj = A0

N∑
j=1

njexp (−i∆ϕ) = A0

N∑
j=1

njexp (−i−→rj
−→q ) . (2.11)

The amplitude A0 denotes the amplitude of the incident, corresponding to the scatteringangle of 0. However, considering the enormous number of electrons and the fact thata single electron can not be exactly localized, it is convenient to introduce the electrondensity ρ (−→r ). The sum amplitude is then calculated using the electron density in theilluminated volume V. Consequently, equation 2.11 is replaced by:
Asum (−→q ) = A0

∫
V

ρ (−→r ) exp (−i−→q −→r ) d3−→r . (2.12)
Similarly, the measured intensity, given by equation 2.10, can be converted to a doubleintegral:

I (−→q ) =

∫
V

∫
V

ρ (−→r1 ) · ρ (−→r2 ) · exp (−i−→q (−→r1 −−→r2 )) d3−→r1 d
3−→r2 . (2.13)

Consequently, the intensity obtained from all inter and intra particular distanced scatteringcenters the probed volume V is given by equation 2.13. To solve the expression 2.13 itis plausible to first integrate over all scattering center pairs with an equal distance andsubsequently over all vectors in the irradiated volume V. To achieve this an autocorrelationfunction γ (−→r ) (eq. 2.14a) can be defined with −→r = −→r1 −−→r2 , which transforms the double
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integral 2.13 to 2.14b:

γ (−→r ) =

∫
V

ρ (−→r1 ) ρ (−→r1 −−→r ) d3−→r1 ; (2.14a)
I (−→q ) =

∫
V

γ (−→r ) ρ (−→r ) exp (−i−→q −→r ) d3−→r . (2.14b)
Using the double integral 2.14b, the general expression 2.15 given 1915 by Debye:58

〈exp (−i−→q −→r )〉 =
sin(qr)

qr
; (2.15)

and assuming the structure being represented by the finite region only (the electron densityis constant in the inner space of a scattering shape and ∆ρ = ρobject − ρenvironment at thefinite region) the expression 2.14b can be rewritten for such isotropic objects to:
γ (−→r ) =

V · γ(r); r ≤ rmax,object

const; r > rmax,object

〈I (−→q )〉 = I(q) = 4π

∫
V

γ(r)r2 sin(qr)

qr
d3r . (2.16a)

If the particles are separated from each other widely enough, it is plausible to assumethat they will contribute independently to the total scattering intensity. Consequently,focusing on only one single particle is sufficient for further considerations.In case of only one single particle with a volume Vp and a maximum distance between twoscattering centers D, a function P(q) termed as formfactor, which includes the completeinformation on the structure of the scattering object, can be determined by:
P (q) =

4π

Vp

∫ D

0

γp(r)r
2 sin(qr)

qr
dr . (2.17)

In this thesis the solutions of formfactors for spherical and for cubic particles are of maininterest and are given at the end of this section.However, during a scattering experiment a huge number of particles are irradiated simul-taneously. In the case of sufficiently distanced monodisperse particles, where the electrondensities are widely enough separated and no electronic interactions occur (interactionfree particles), the formfactor overlays with the scattering profiles of the probed particles.



2. Theoretical Aspects 20
The scattering intensity of one particle is according to 2.16a

Ip (q) = V 2
p P (q) . (2.18)

Consequently the measured scattering intensity has to be multiplied by the number ofscattering objects Nobj in the irradiated probed area with a probed volume V in order toobtain a final scattering pattern:
I (q) =

Nobj

V
· V 2

p · P (q) = Φ · Vp · P (q). (2.19)
The introduced varible Φ is the volume fraction, which represents the total volume ofscattering centers in the illuminated volume.
2.7.2. Behaviour at q-values tending to 0 (forward scattering)

If the scattering vector −→q tends to 0 in a dilute system, the formfactor 2.17 is dependantonly on the radius of gyration RG. Guinier and Fournet developed 1955 an approximationto calculate the measured geometrical characteristics of an object accounting solely thelimit behaviour −→q → 0. To extract such information a limited development of the formfactor2.17 can be done. Hence, reaching the limit of q the total measured intensity for threedimensional objects 2.19 can be expressed as:
lim
q→0

I(q) = ΦVp

[
1− (qRG)2

3
+ · · ·

]
= ΦVpexp

{
−(qRG)2

3

}
. (2.20)

Transforming the measured intensity curve into a linear curve using the Guinier plot (lnI(q) vs. q2) the radius of gyration can be obtained from the slope R2
G/3.The approximation can be extended also to rod-like and plane objects by expression 2.21.The apparent particle shape (also called dimensionallity) is then represented by α, whichis an integer with values depending on object’s structure: 0 (sheroid), 1 (rod-like) and 2(plane). The preexponential factor A in 2.21 describes the excess differential cross-sectionper unit mass of a particle.

I (q) =

{
1 for α = 0

απq−α for α = 1, 2

}
A exp

{(
−R

2
αq

2

3− α

)} (2.21)
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2.7.3. Behaviour in the large q limit

If q tends to large limits, the measured scattering intensity must depend on the surfaceof the scattering objects in some way. For such case, Porod calculated the followingapproximation:59
lim
q→∞

I(q) =
2π(∆ρ)2

q4

S

V
. (2.22)

The variables S and V denote surface area (S) and volume (V) of an object. The exper-imental determination of the "Porod-limit" can be made easier using a plot I(q)q4 versus
q4. Indeed, when a constant background b0 is present (due to the incoherent contributionfor instance), this plot yields I(q)q4 = b0 + b1q4 and the background b1 can be easilyseparated from the Porod-limit b0.
2.7.4. Formfactor for spherical particles

For the special case of a sphere (radius Rsp, volume Vsp of uniform density the formfactorof a sphere Psp has been given by Rayleigh:60

Psp (q) =

[
∆ρ · 3 · sin (qRsp)− qRsp · cos (qRsp)

(qRsp)
3

]2 (2.23)
2.7.5. Formfactor for parallelepiped particles

For the special case of a planar object the formfactor consists of two separate partialfunctions:59 i) cross section formfactor Pcs(q) for short dimensions and ii) shape factor
P′(q) for larger dimensions, as shown in the expressions below. According to literature,the formfactors can be considered separately by assuming the shape factor to be a very thindisc. In case of a parallelepipendron, the radius of such thin disc is the spatial diagonal ofan object, which equals to radius of gyration of a planar object. The value can be estimated
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from extended Guinier’s approximation for a planar object (eq. 2.21).

Pplanar(q) = P′(q) · Pcs(q) (2.24a)
P′(q,Rdisc) =

2π2R4
disc

(qRdisc)
·
(

1− J1 (2qRdisc)

qRdisc

)
≈ RG,α=2 , (2.24b)

labeleq : shapefactorppJ1(x) =
sin x

x2
− cos x

x
; x = 2qRdisc, (2.24c)

Pcs(q; ∆ρ,L) =

(
∆ρL

sin
(

qL
2

)
qL
2

)2

. (2.24d)
Here, J1(x) is the first order spherical Bessel function, Pcs(q,Rdisc) is the formfactor foran infinite thin disc, L is the length of the planar object.
2.7.6. Anomalous small angle x-ray scattering (ASAXS)

Anomalous SAXS is a modified approach of conventional SAXS method. The technique isbased on sequent scattering measurements using different irradiation wavelengths. The aimof such implementation is the extraction of element specific scattering contributions of eachelement contained in the probed sample. An outstanding advantage is the possibility ofscattering intensity isolation for different elements. Hence, characterization of nanoparticlealloy system, where several metals scatter simultaneously, or isolation of nanoparticlesfrom a scattering matrix can be performed.The essence of ASAXS is the amplification of a scattering experiment by precise selectionof irradiation energies. The excitation of electrons to higher energetic states is stronglydependant on the elements electronic structure. Hence, each element can be characterizedby in its specific x-ray absorption energies. Consequently, absorption of x-ray photons willbecome a preferred process the closer the irradiation energy is chosen to the absorptionenergy of the element and a suppressed scattering behavior will be the accompanyingphenomenon. Figure 2.5 illustrates the context of scattering behavior, represented by thescattering factors, as a function of exciting energy.To achieve precisely selectable excitation energies for an ASAXS measurement an ap-propriate x-ray source is needed. Presently, solely synchrotron facilities provide suchan option (a detailed overview of synchrotron radiation specifications is described in thefollowing section).
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Figure 2.5.: ASAXS principle demonstrated for Ni and Pt resonant scattering bahaviours. Dotedlines in the plots show an example of element specific set of selected energies, respec-tively.
An ASAXS experiment consists of a sequently detection of scattering profiles at differentenergies, which have to be selected in respect to the element of interest near by and addi-tionally sufficiently far away from the x-ray absorption edge (doted lines in figure 2.5 showa set of selected energies). A correct extraction of the resonant scattering part requiresabsolute calibration of scattering curves. Furthermore, data acquisition must provide a lowsignal-to-noise ration in order to enable sufficient scattering pattern treatment.A well established calculation method for resonant scattering curves is a calculation knownas Stuhrmann-method.61;62 This method considers a mathematical relationship for severalscattering curves obtained at different energies to extract the element of interest resonantterm of scattering from the total scattering contribution. As reported in literature, anessential equation for this purpose is:

I (q;Ei) = I0(q) + 2 · f ′(Ei) · I0r(q) +
{

(f ′(Ei))
2 + (f ′′(Ei))

2
}
· Ir(q) . (2.25)

Here I (q; Ei) is the scattering curve measured at energy Ei, I0(q) is the non resonant partof scattering, Ir(q) the resonant part, I0r(q) a cross term of the resonant and non resonantscattering, f ′(Ei) and f ′′(Ei) are the element specific scattering factors at the energy Ei.The expression can be rewritten as:
ci = x+ ai · y + bi · z (2.26)with given parameters

ci = I (q;Ei) ; ai = 2 · f ′(Ei) ; bi =
{

(f ′(Ei))
2 + (f ′′(Ei))

2
}
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and unknown values

x = I0(q) ; y = I0r(q) ; z = Ir(q) .As it can be clearly seen from expression 2.26, minimum 3 different energies are requiredfor determination of the resonant term Ir(q), which is accessible by solving the system of3 equation by z. Stuhrmann method reveals element specific scattering curves from multicomponent systems. Scattering contribution from each element is accurately determinedusing the expression 2.25 (or similar 2.26).However, a simplified method for obtaining of element resonant scattering curves, basedon subtraction of a curve measured with x-rays of energy near the absorption edge of themetal of interest from a curve measured with x-rays of energy far away from the edge,can be employed instead. This method is limited by number of elements contributingto scattering in the observed q-range. If, for instance, a trimetallic nanoparticle alloyis investigated and, hence, three elements scatter in the same q-range, this calculationmethod is not reliable. In the case of two scatters the method can be certainly used. Heretermed as subtraction method (eq. 2.27), the calculation inspired by Haubold et al.,36 canbe used for determination of resonant scattering curves as well. The calculation relies onthe following expression:
Ir(q) = I(q;E2)− I(q;E1); E1 > E2. (2.27)

Minimizing the number of required incident energies for calculations of resonant termsyields a suppressed data acquisition time and, hence, a shorter experiment procedure.Another advantage is that the calculation is much simpler compared to the Stuhrmannmethod.In any case, using the Stuhrmann or the subtraction method, subsequent to the extractionof resonant scattering part, data treatment is performed similar to conventional SAXS.Details on determination of parameters of interest are given in section 3.12.5.
2.7.7. Synchrotron radiation

A synchrotron facility is an experimental station with an electron accelerator as radiationsource. An electron gun produces electrons, which are injected into a circular channel.Using carefully adjusted undulators in an ultrahigh vacuum a circular self-supported move-ment of the injected beam is realized. Such accelerated electrons produce electromagneticradiation tangential to the vector of the angular velocity. The as excited brilliant radiationis captured in a separate storage ring and is than used for experiments.
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The advantages of synchrotron radiation in comparison to conventional radiation sourcescan be summarized as follows:

- an intensive and continuous spectrum from infrared to hard x-ray,- high focus of the radiation up to 1 mrad (means: the beam expands only from 0.1 mmto 1 mm on a distance of 1 meter),- linear polarization on the level of the accelerator,- circular polarization above and below the level,- high light density of the source,- an exactly pulsed radiation source with light impulses up to 100 pico seconds,- definite calculation of the radiation quality and properties,- "‘clean"’ vacuum or ultrahigh vacuum source (10−9 Torr), no gas or plasma duringradiation excitement,- high stability of the radiation intensity at optimized synchrotron facilities.
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Figure 2.6.: Assembly of a synchrotron facility BESSY II, adopted from63.
Part of the experiments,especially ASAXS experiments, were carried out at BESSY II(Berlin Electron Storage Ring for Synchrotron Radiation, operated by the Helmholz CenterBerlin). The assembly is illustrated in figure 2.6. Also parts of the experiments wereperformed at SLAC (National Accelerator Laboratory, operated by Stanford University forthe Department of Energy Office of Science).



3. Experimental procedures

In this chapter routine experimental procedures are described. In case of a specializedmethod or setup the experimental procedure is described in the respective chapter. Usedchemicals are listed in table 3.4, where also specifications of purity and providing companyare given.
3.1. 2-3 nm Pt nanoparticles

3.1.1. Synthesis of spherical nanoparticles44

Spherical nanoparticles were synthesized via a wet chemical route using the ethylen gly-col reduction method: 5 mM of H2PtCl4 was dissolved in 50 ml of a 15 mM NaOH-ethylenglycol solution. (The alkaline solution of NaOH in ethylenglycol was prepared fewday prior to synthesis, because the NaOH dissolution was a time consuming process.) Af-ter complete dissolution of metal salt in the alkaline medium, indicated by a homogeneousyellow colour, the mixture was overflown with nitrogen gas for 10 to 15 minutes in orderto remove air. Subsequently the mixture was heated to 160°C with reflux under nitrogenatmosphere. The temperature was kept constant at 160°C for 20 minutes. Color changeof the solution from yellow to dark brown indicated the formation of Pt nanoparticles.The reaction solution was cooled down immediately using a water bath to stop furthernucleation. After this step protective atmosphere was not any more required. The as pre-pared nanoparticles remained stable for longer time: No change in mixture composition orparticle size was observed even after few days of solution storage.
3.1.2. Deposition on carbon supports

Additionally, a propriate amount of support material, (depending on the desired catalystweight loading, such as Vulcan or modified and unmodified multi walled carbon nanotubes),was dispersed in a 250 ml Erlenmeyer flask in 20 ml of water and sonified for 10 minutes.The as prepared Pt-NP solution was added at room temperature to the stirred support
26
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suspension. 80 ml of a 2 M sulfuric acid were added slowly with stirring to the Particles-carbon mixture to change the pH from alkaline and enhance the nanoparticle depositionon the carbon support. The solvents were removed by centrifugation (5 minutes 7700rounds per minute). The solid residue was washed with ultra pure water and the liquidwas removed again by centrifugation. The washing procedure with a subsequent removalof liquid residuals by centrifugation was repeated three times and the remaining wetcatalyst powder was freeze-dried afterwards (24 h, 0.035 mbar, -40°C, Labconco FreeZone6,Germany).
3.2. 4-5 nm Pt nanoparticles

3.2.1. Synthesis of spherical nanoparticles64

In order to achieve a final Pt metal loading on carbon of 20% 0.20 mmol (80 mg) Pt(acac)2were dissolved in 18 ml of o-dichloro-benzol (DCB) at room temperature. Subsequentlya mixture of 100 µl oleic acid (OA) and a solution of 0.65 mmol (148.5 mg) tetradecane-1,2-diol (TDD) in 5.4 ml DCB was added to the metal-DCB solution. The mixture wassonicated for 10 minutes and overflown with a protective gas (N2) for 10 min in order toremove excess of air. Following, the mixture was heated to 180°C. At this set temperaturea solution of 3 µmol (1.1 mg) Co2(CO)8 in 100 µl DCB was injected to the hot mixturevia a syringe, which was floated with N2 several times prior to use, in order to prevent aircontamination. The mixture was held at the set temperature of 180°C for further 30 minand then removed from the hot silicon bath in order to allow the solution to cool downto room temperature. After this step there was no need of protective gas usage. Next,the solution was washed with 20 ml ethanol and 5 ml diclormethane (DCM) and residualswere removed by centrifugation (5 min, 7700 rpm).
3.2.2. Synthesis of cuboid nanoparticles65

In a glas vial equipped with a glas frit 40 mg (0.1 mmol) Pt(acac)2 were added under N2atmosphere to a mixture of 3.68 ml (8 mmol) oleyl-amine (OAM), 0.63 ml (2 mmol) and 5 mldibenzyl-ether (DBE). After complete dissolution of all components CO gas was bubbledfor 10 min via the glas frit, which was immersed into the solution. Next, the mixture washeated up to 200°C and the temperature was held for further 18 min and then removedfrom the hot silicon bath in order to allow the solution to cool down to room temperature.
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3.2.3. Deposition on carbon support

In both cases spherical and cuboid Pt nanoparticles were supported on Vulcan XC72 R(VC) immediately after finishing the last synthesis step.For this purpose a defined amount of VC (depending on the desired catalyst weight loading)was suspended in 40 ml Toluol. The dispersion was stirred rigorously for 24 h. Then liquidswere removed by centrifugation (10 min, 7700 rpm) and the solid portions were washedwith ethanol in order to remove residuals of liquid organic compounds. After a furthercentrifugation the as cleaned catalyst powder was freeze dried (24 h, 0.035 mbar, -40°C,Labconco FreeZone6, Germany).
3.3. Synthesis of PtNi6/Vulcan(VC) and PtNi3/VC catalysts

Details on particle synthesis and electrochemical characterization are described in a pre-vious work.48;49 A polyol method, previously described in literature, 9 was chosen to preparePtNi alloy nanoparticles. In a 100-ml threeneck flasks with reflux 0.3 mmol Ni(ac)2 ·4H2O,0.4 mmol 1,2-tetradecanediol, 0.3 ml OAM and 0.3 ml OA were added to 25 ml diphenylether. The reaction mixture was stirred for 5 min under nitrogen atmosphere, followedby raising the temperature to 80°C. After about 30 min, the temperature was raised to200°C. At this temperature, 0.1 mmol Pt(acac)2 dissolved in 1.5 mL DCB was added, andthe reaction mixture was stirred at 200°C for 1 h. Subsequently, the reaction mixture wascooled down to room temperature; 5 ml DCM and 20 ml ethanol were added to the cooledreaction mixture. Separately, 78.1 mg of Vulcan XC 72R was mixed with 40 ml toluene andwas dispersed in an ultrasonic bath for 10 min. This suspension was added to the reactionmixture and was stirred for 24 h at room temperature. The product was centrifuged andwashed three to four times with ethanol as above, followed by drying in a freeze dryer.The dried catalyst was heated in a furnace in a N2 atmosphere of 230°C and was heldthere for 4 h to remove surfactants and enhance the atomic mixing of Ni and Pt.
3.4. Synthesis of nitrogen-doped coatings on MWCNT

3MBP–dca was acquired from VWR. MWCNTs were Baytubes purchased from the Bayer®company. Sulphuric acid was acquired from Sigma Aldrich. Ethanol was acquired from CarlRoth with a purity of 99.8%. The chemicals were entirely used without further treatment.Annealing of samples was accomplished in Nabertherm® box type furnaces, equipped witha continuous gas. CNTs were pre–oxidised by dispersion in sulphuric acid (c = 2 mol ·l−1)
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by sonication. After stirring the dispersion vigorously overnight the black residue wasisolated by centrifugation, frequently washed with deionised water and subsequently driedovernight in the vacuum drying oven. For the preparation of the coating the MWCNTswere dispersed in a 30 wt% solution of 3MBP–dca in deionised water by sonication. Theresulting black slurry was filtered by vacuum filtration and the black residue in the filterwas washed with 50 ml of ethanol to remove excess IL. The residue was subsequentlyplaced in ceramic crucible and thermally treated in a furnace under constant argon flowto 1000°C applying a heating rate of 100 K · h−1. After 1 h at 1000°C the sample wasallowed to cool down to room temperature and subsequently pestled for further use.
3.5. TEM measurements

For TEM sample preparation a small amount of the synthesized powder was dispersed viaultra sonication in 0.5 ml of iPrOH. A Cu-grid with holey carbon film was impregnated with2 µl of the solution and air-dried. A FEI TECNAI G2 20 S-TWIN microscope, equippedwith a GATAN MS794 P CCD-detector, was operated at an accelerating voltage of 200 kV.
3.6. BET measurements

A defined amount of a sample was filled into a BET glas tube. Samples were degassed at150°C for 20 h at reduced pressure before measurement. Nitrogen adsorption isotherms(equation 2.1c) were measured using a Quadrasorb porosimetry device manufactured byQuantachrome. The calculation of the specific surface area was performed using equation2.2a, as described in chapter 2.2.
3.7. ICP-OES measurements

The weight loading of Pt-NP on carbon support was determined using optical emissionspectroscopy with inductive coupled plasma as ionization source (ICP-OES). Theoreticalbackground of the method is described in the chapter 2.3. For spectroscopical measure-ments a defined amount in the range of ∼ 5 mg of a dry powder (mpowder) was dissolvedin a quartz tube in 10 ml of a mixture of concentrated acids: sulfuric (2 ml), nitric (2 ml)and chloric (6 ml) acids. Vigorously stirring the solution in a fume hood overnight allowedthe acid mixture to degas. Prior to exposure of the residual solution to microwaves the
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mass of the solution was determined (This value mini was important for calculation of thePt weight-percentage after ICP-OES measurements).The first step of the digestion via microwave treatment was a constant heat up to 180°Cduring 10 minutes with a constant heat gradient, which was adjusted automatically bythe microwave accompanying software. The temperature was held for 20 min, whereas thepressure of evolvong gas was controlled to not exceed 18 bar. The solution was filteredto remove the remained carbon, diluted to 3 defined different concentrations and analyzedwith ICP-OES Varian 715-ES. Several wavelengthes were chosen in the ICP-OES softwareto detect Pt emission: λ1 = 203.6, λ2 = 204.9, λ3 = 214.4, λ4 = 265.9, λ5 = 306.5 nm,respectively.
Calculation of metal amount

The amount of a dissolved metal was determined using a standard calibration method.For this purpose a standard aqueous solution of Pt with a concentration of 999 mg · l−1and a density of 1.034 kg · l−1 (⇒ molality of Pt of 966.15 mgPt · kg−1
water) was diluted to3 different concentrations as shown in detail in table A.2 using a balance. Additionally ablank standard with a Pt concentration of 0 was used as a first measurement for ICP-OEScalibration. The as prepared powder digestion solution was diluted with water to achievetwo different molalities of Pt in the range of standard molalities (2-10 mgPt/kgH2O).The emissions of the fresh prepared standard solutions were measured with the ICP-OESsoftware starting from the blank sample and following with the solutions with increasingmetal amount. An automatically calculated linear calibration-curve was estimated by thesoftware and used for the following measurements of sample molalities.A mean value of the estimated molalities (5 wavelengthes were used for each sample) ofPt-aliquotes (PtICP) was used to calculate the Pt-weight percentage on the powder usingthe following equations:

msolvent = mini −mpowder (3.1a)
Mdigestion =

mpowder

msolvent

(3.1b)
alidigestion =

mdigestion ·Mdigestion

amWater

(3.1c)
wt%Pt =

PtICP

alidigestion

(3.1d)
The variables are assigned as:



3. Experimental procedures 31
msolvent: mass of pure solvents used for dissolution of Pt after degasing overnight,
mini: determined mass of the powder solution after degasing overnight,
mpowder: weighed quantity of catalyst powder,
Mdigestion: Pt amount in mg per kg acidic solvents,
alidigestion: Pt-molality of an aliquote of the prepared digestion solution used for a dilutedICP-OES sample,
mdigestion: weighed mass of an aliquote of the digestion solution,
amWater: amount of water used for dissolution of the digestion solution
wt%Pt: weight percentage of Pt in the catalyst powder,
PtICP: mean of the estimated Pt molalities determined with ICP-OES at several wave-lengthes.An example for such a calculation, where the digestion was diluted to 2 different molalities,is given in detail in table A.2 in appendix A.
3.8. XPS measurement

The XPS-measurement was performed using a VG ESCALAB 200 X xp-spectrometer, man-ufactured by VG Scientific, East Grinstead, UK. Using this spectrometer, electron spectrawere recorded using polychromatic Al − Kα excitation (15 kV, 20 mA) and an emissionangle of 0 degree. The spectrometer energy scale was calibrated following ISO 15472.66The survey scans were measured in constant retardation ratio (CRR) mode, while narrowscans were done in constant analyser energy (CAE) 20 mode. In order to correct the bind-ing energy scale for static charging, an electron binding energy of 285.0 eV67 for the C1s reference level of aliphatic hydrocarbon was used. The samples were fixed nonconduc-tively on a double sided silicon free carbon tape. The analysis of XPS spectra was donewith the Unifit 2011 software, developed by R. Hesse, Unifit Scientific Software GmbH,Leipzig, Germany. As fitting strategy for the peak-shape analysis the convolution with afully fitable Tougaard background correction was chosen.68;69

3.9. XRD analysis

Diffraction patterns were collected with a Bruker D8 Advance Diffractomer operated with40 kV, 40 mA in a 2θ-range of 15–100°. Angular resolution was set to 0.05° and diffractionsignal at each step was collected for 5 s. XRD curves of catalyst containing particleswere corrected by subtraction of corresponding blank samples XRD patterns. Such blank
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measurements were conducted on samples with same composition, but excluding the pres-ence of nanoparticles (e. g. carbon support only). The size of crystalline particles wascalculated using a software package MDI Jade 8, . In particular, for this purpose eachdiffraction peak from a background-corrected pattern was fitted with a Pearson Voigt typedistribution. Peak positions were selected by overlaying a selected reference pattern (PDFdata files, National Institute for Science and Technology). Using the Scherrer equation(eq. 2.4) crystallite size was estimated for each peak fit. All estimates for single peaks ofa diffraction pattern were averaged by mean and additionally the corresponding error ofmean was calculated (similar to eq. 3.3b).
3.10. High energy XRD measurements

High-energy XRD measurements were performed at the beam line 11IDC, at the AdvancedPhoton Source, Argonne using x-rays of energy 115 keV (λ=0.1078 Å−1). The diffractiondata were reduced to the so-called structure factors, S(q), and then Fourier transformedto the corresponding atomic PDFs G(r), using the relationship:
G(r) =

2

π

∫ qmax

q=0

q S(q) sin(qr) dq (3.2)
where qmax= 28 Å−1 in the present experiments. The scattering vector q is defined asgiven by the expression 2.9.Note, as derived, atomic PDFs G(r) are experimental quantities that oscillate around zeroand show positive peaks at real space distances, r, where the local atomic density ρ(r)exceeds the average one ρ0. This behavior can be expressed by the equation G(r) =

4πρ0(ρ(r)/ρ0 − 1), which is the formal definition of the PDF G(r). High-energy XRDand atomic PDFs have already proven to be very efficient in studying the atomic-scalestructure of nanosized materials,70 including chemical order-disorder effects.71;72

Modeling details

The experimental PDFs were fit with structure models based on chemically disordered(S.G. Fm-3m) and chemically ordered (S.G. Pm-3m) cubic-type atomic arrangements foundin noble-transition metal alloys. In this type of Bravais lattices based modeling a PDFfor an infinite cubic lattice is first computed. Then each of the coordination spheres of theperfect lattice is broadened by a convolution with a Gaussian function to take into accountthe presence of thermal and static local atomic displacements in real nanoparticles. At
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the same time the computed PDF is multiplied by a particle shape (spherical in our case)dependent function which is zero for distances longer than the size of the nanoparticlesbeing modeled. It is a simplistic approximation to the structure of real NPs but is usefulsince it allows i) to verify the type of their atomic ordering and ii) obtain a set of struc-tural parameters (e.g. lattice constants and atomic displacement amplitudes) that may becompared directly with those for the corresponding bulk materials. The computations weredone with the help of the program PDFgui.73

3.11. Electrochemical characterization

Electrochemical characterizations were conducted with a Biostat SP-200 potentiostate ina glass cell. A PINE glassy carbon (GC) rotating disc electrode (RDE) with a total surfacearea of 0.1963 cm2 was used as working electrode. A saturated calomel electrode (SCE)was implemented via a Luggin-capillary into the experimental setup for setting desiredoverpotentials. All potentials in this thesis are given in respect to a reversible hydrogenelectrode (RHE) in 0.1 M HCLO4. A wraped 5x5 cm2 Pt mesh fixed on a Pt wire acted ashigh surface counter electrode.
3.11.1. Ink preparation

For electrochemical measurements inks of the synthesized powders were prepared as fol-lowing: ∼ 5 mg of the powder, (the exact amount was determined with a highly precisebalance and documented for each ink), was dispersed in a mixture of 2490 µl of water,2490 µl iso-propanol and 20 µl of a 5 wt-% Nafion solution in iso-propanol. The mixturewas ultra sonified for 15 minutes using a Branson sonifier with an output power of 6 W ina cooling water bath.
3.11.2. Electrode preparation

The GC rotating disc electrodes were polished manually in two steps: first with Buehler"Alpha micropolish 1" solution on a Nylon sheet and second after rinsing with ultrapurewater (to remove the residues of the micropolish solution) with Buehler "Alpha micropolish0.05" solution on a Microloth® sheet. Electrodes were then sonicated in water, acetoneand again water, each procedure for 5 minutes, to remove the polishing solution residues.The as prepared electrodes were coated with 10-20 µl of an ink solution and air dried.
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According to literature,3 the amount of catalyst ink was elected to adjust a Pt loading onthe GC disc to 12-20 µg/cm2.
3.11.3. CV and LSV measurements

Electrochemical characterization was performed in 0.1 M HClO4, saturated with N2 forCVs and with O2 for LSV. The potential step protocol is shown schematically in figure 3.1,details are summarized in table 3.1.

Figure 3.1.: Scheme of electrochemical characterization procedure: Chronoamperommetry, CA(solid grey); linear sweep voltammetry, LSV (solid blue); cyclic voltammetry, CV for
Hupd estimation (solid red), activation cycles (dashed red) and accelerating stress test(doted red). Numbers give the amount of forward-backward scans.

Table 3.1.: Potential protocol for electrochemical characterization of catalyst powders. Hupd: CVsmeasured for calculation of the Pt surface area; Act: CVs for surface cleaning; LSV:LSV measured for determination the ORR-activity; AST: acceleration stress test CVs.
Technique Hupd Act Hupd LSV AST Hupd

# of cycles 3 200 3 0.5 100 3
Range / V 0.05-1.10 0.05-1.10 0.05-1.10 0.06-1.02 0.50-1.10 0.05-1.10

Rate mV · s−1 50 500 50 5 50 50
← Looping sequence →
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ECSA was determined from CV (0.050 - 1.100 V, 50 mV s−1) in the Hupd-range of 0.050 -0.400 V, as described in chapter 2.6. The calculation of the ECSA has been performed witha script ECLab_v4.ogs (appendix A), which was developed for this purpose and executedby the Origin 8.1 (or newer) software.The script evaluates the Hupd-area from a single measurement or from a looping sequence(see table 3.1) according to expressions 2.5c. In order to run the script a specified importfilter for experimentally obtained .mpt-files was configured in the Origin-software. (Adetailed description of filter configuration, data import and script execution is given in theappendix A.) Additionally, after an import of a LSV-measurement as .mpt-file into Originsoftware using the same mpt-Filer as for Hupd-calculation, the Pt-mass based activitieswere estimated using the LSV.ogs script (see appendix A).Pt-mass based activities of the catalyst for the oxygen reduction reaction (ORR) weredetermined at 0.9 V from LSV (0.060 - 1.020 V, 5 mVs−1) by factoring the geometric areaof the glassy carbon disk (0.1963 cm2), according to calculation introduced in chapter 2.6.2
3.11.4. Error estimation

Ink preparation and film formation on a glassy carbon electrode cause measurement un-certainties. To calculate representative values74 the measurements were carried out twoor three times for each catalyst powder, respectively. Presented results contain the meanvalue x̄ (equation 3.3a) and the corresponding error of mean ej (eq. 3.3b), obtained usingthe empirical standard deviation σ (equation 3.3c). A definite number of measurementscauses errors of the calculated mean value. The standard error in the calculated meanvalue ej, which represents the expectation interval of a true mean value (e.g. x̄j ± ej), wascalculated using equation 3.3b.
x̄j =

∑n
i=1 xi

n
, (3.3a)

ej =
1√
n
· σj with (3.3b)

σj =

√∑n
i=1(xi − x̄)2

n− 1
(3.3c)
(3.3d)

Here, xi is an estimated ECSA-value at each point j of the measurement (e.g. afteractivation cycles x̄act and 25 loops of AST cycles x̄end) and n is the number of values thathave been averaged to a mean value x̄j; σj is the empiric standard deviation and ej is the
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corresponding error of mean.Calculation of a relative ECSA loss requires a consideration of error propagation. Hence,following relationship yields a resulting error (eloss) for division of the two estimates eactand eend, which correspond to ECSA estimated after the activation regime (x̄act) and ECSAafter all AST-cycles (x̄end) of the acceleration stress test regime (see table 3.1):

x̄loss = (1− x̄end : x̄act) · 100 , (3.4a)
eloss =

√(
eend

x̄end

)2

+

(
eact

x̄act

)2

· x̄loss . (3.4b)
3.12. SAXS analysis

Synthesized and benchmark catalysts powders were characterized ex situ after preparationand in situ during an electrochemical protocol using SAXS.
3.12.1. Preparation of dry powder samples

Pristine catalysts were characterized using the as prepared powder after finishing allsynthesis steps described in the section 3.1 of this chapter. A small amount of the powderswas deposed on an adhesive Kapton pad, which was discharged electro statically prior touse. A second Kapton pad was used for coverage. A concomitant advantage of the samplepreparation was the conservation of the fresh catalyst and isolation from any contaminants.Sample containing Kapton pad was used for SAXS profile measurements. A second, solelycarrier powder containing, (depending on the catalyst powder the corresponding carbonbackground was chosen, e.g. MWCNT for Pt/MWCNT), prepared Kapton pad was usedfor background scattering detection.
3.12.2. Preparation of catalyst containing carbon-sheet electrodes

For each electrode a carbon sheet (25 x 25 cm sheets, 175 thick, Fuel cell store) was cutin ∼(1 x 4) cm piece and impregnated 10 times with 10 µl of an ink solution (see section3.11.1) to maximize the amount of Pt nanoparticles in the x-ray spot.
3.12.3. In situ SAXS/ASAXS measurements

Such prepared working electrodes were inserted into the in situ electrochemical cell,which was additionally equipped with a Pt-wire counter electrode and a 3 molar Ag/AgCl
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reference electrode, as shown in figure 3.2. The overpotentials were set with a GamryRef-600 potentistate.

Figure 3.2.: Experimental setup for in situ SAXS/ASAXS measurements.
Characterization of catalyst powders was performed in situ during electrochemical treat-ment as follows:

1. Working and counter electrodes were inserted in the electrochemical cell and se-cured by tightening the alligator clips in the respective holder.
2. The position of a dry ink droplet was determined via Nanogarphy (included in the labbased machine software) or by transmission measurements at synchrotron beamlines(transmission decrease indicates the ink droplet).
3. At determined position a scattering pattern was collected for 2 seconds to ensurethe presence of the catalyst (high count number compared to different location onelectrode).
4. The maximum measurement time was calculated from the scattering pattern obtainedin point 3 of this list in terms of detector saturation prevention. Maximum countnumber per second per unit of detector area was specified by manufacturer for each
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used detecting unit.

5. A scattering pattern of a dry catalyst-loaded electrode was collected for the deter-mined amount of time at the same position as identified in 3.
6. Reference electrode was mounted and subsequently the cell was filled with ∼ 3 mlof a fresh prepared electrolyte. Immediatly, the potential protocol described in table3.2 was started to prevent catalyst dynamics in acidic environment.
7. Chronoamperometry (technique 0) was performed for 2 minutes to let the systemequilibrate and a first test SAXS pattern was collected for 10 seconds to determinethe maximum number of counts, as described in point 4.
8. Further in situ SAXS measurements were performed according to table. 3.2.

Table 3.2.: Potential protocol for in situ SAXS/ASAXS characterization of catalyst powders. Elec-trochemical techniques are abbreviated as: CA (chronoamperommetry), CV (cyclicvoltammetry), AST-CV (acceleration stress test potential cycles), n = [0:12]. All po-tentials are given in respect to a RHE, 0.1 M HClO4.
# of technique Technique # of Potential range Scan rate # of

cycles /[V] /[mV · s−1] loops0 CA - 0.50 - -1 SAXS/CA - 0.50 - -3 Act-CV 200 0.05-1.10 500 -4 SAXS/CA - 0.50 - -5 + 2n AST-CV 100 0.50-1.10 50 256 + 2n SAXS/CA - 0.50 - 25
In a special case of ASAXS experiments reference samples (GC, silver behenate and emptyhole) were mounted at same distance to the detector as working electrode on side of theelectrochemical cell holder, as shown in figure 3.2. The samples were measured beforecollection of each SAXS pattern in order to calibrate to an absolute scale. As described
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in chapter 2.7.6 the isolation of an element specific part of scattering requires precise andabsolutely calibrated data collection.Metal foils (depending on the measured metal components of the probed catalyst, e.g. Ptand Ni foil in case of PtNi alloy nanoparticles) were located next to reference samplesdescribed above in terms of energy calibration. Prior to each ASAXS experiment thetransmission of each foil was detected as a function of energy in order to determine ex-perimentally element secific x-ray absorption edge. The shift of experimentally exhibitedvalue in respect to the theoretical value was used for energy calibration. The differencebetween the experimental and theoretical value provided the information on energy scaleshift of the experimental setup.All reference data were recorded for ASAXS evaluation performed by beamline specificsoftware SASred Tool. A detailed description is given in the software correspondingmanual and in the doctoral thesis from Dr. rer. nat. S. Haas.75

3.12.4. SAXS/ASAXS aquisition

SAXS experiments were conducted using three different setups:
1. Scattering data were collected with a Bruker AXS NanoStar lab system, equippedwith a rotating Cu-target anode operated with 45 kV, 110 mA. The scattered x-raysof a Cu-Kα wavelength (0.154 nm) were detected with a 2D HiStar photon counterdetector.
2. Portions of the research were carried out at the SLAC National Accelerator Labora-tory, a national user facility operated by Stanford University, at the beamline 1-4.Data were collected with a CCD of type MAR165 from Rayonix using the energy of8333 eV as irradiation source.
3. Anomalous small angle x-ray scattering experiments were performed at Berlin syn-chrotron facility BESSY II, operated by the Helmholtz Zentrum Berlin, at the 7T-MWP-SAXS beamline. Data were collected with a CCD of type MAR165 fromRayonix using the energies 11490 and 11560 eV near below the Pt-L3 absorptionedge; as well as 8101 and 8330 eV that is near below the Ni-K edge.

3.12.5. General SAXS data treatment and mathematical fitting

Experimental scattering patterns were integrated in order to obtain I(q) vs. q scatteringcurves. Additional to each measurement transmission of each sample was determined: i)
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Figure 3.3.: Transmission measurements using a lab based SAXS equipment.
using a glassy carbon (GC) plate, as shown in figure 3.3 for the lab based setup and ii)using an in the beamstop implemented diode at synchrotron facilities.Transmission of probed samples was required for background correction of the scatteringcurves to isolate the scattering portions of interest, namely the scattering contribution
INP(q) of nanoparticles only. Background subtraction was performed using equation 3.5awith the respective determined transmission coefficients:

INP(q) =
INP+S(q)

τNP+S

� IS(q)

τS

, with (3.5a)
τNP+S =

INP+S+GC � τGC · INP+S

IGC � τGC · Iair

, (3.5b)
τS =

IS+GC � τGC · IS

IGC � τGC · Iair

. (3.5c)
Here the symbols are:
INP+S(q): scattering curve from sample containing nanoparticles (NP) on support (S);
IS(q): scattering curve from a background sample containing same scattering componentsas INP+S(q), except nanoparticles;
τNP+S and τS: transmission coefficients from samples (NP+S) and (S);
τGC: transmission coefficient of the GC plate, (in the used configuration 0.035);
Iair, INP+S and IS: total number of counts detected per second without GC plate;
IGC, INP+S+GC and IS+GC: total number of counts detected per second with insertedGC plate. Such background corrected curves were fitted using SASfit software (version0.93.2).76If a sample contains particles with different sizes (termed as a polydisperse sample), severalcontributing formafactors are added in order to produce a scattering pattern of the probedsample. This approach is essential for mathematical modeling of scattering curves. Hence,
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a distribution function f(R;µ, σ) of objects with different sizes R completes the correctexpression for the total scattering intensity by weighting in respect to diverse particlesizes:

I(q) = Nobj

∫ V

0

f(R;µ, σ) V2
p P(q) dV, (3.6a)

f(R;µ, σ) =
1√

2πσR
exp

− ln
(

R
µ

)2

2σ2

 (3.6b)
Nobj is the number of scattering particles in the probed volume V (as introduced in eq.2.19), Vp is volume of a single particle, f(R;µ, σ) is a LogNormal distribution function,where µ and σ are the mean and standard deviation.The mean value of a distribution can be defined in respect to the corresponding momentsin different ways, whereas the nth moment of a LogNormal distribution is given by:

〈Rn〉 =

∫∞
0

f(R;µ, σ)RndR∫∞
0

f(R;µ, σ)dR

= exp

(
nµ+

n2σ2

2

) (3.7)

Table 3.3.: Mean particle size definitions for a distribution f(R) of particle radii R.
Name DefinitionMean length or mean radius µ = 〈R1〉Area weighted or intersection length radius Rli = 3

4
〈R3〉 / 〈R2〉Volume weighted or correlation length radius Rlc = 2

3
〈R4〉 / 〈R3〉Guinier radius RG =

√
〈R8〉 / 〈R6〉

The software revealed from each scattering curve the parameters mean particle radius(µ) and number density of particles in the probed volume V (NSASFit = Nobj/V). Usingequation 3.7 the definitions for the mean value determined from SAXS data can be givenas shown in table 3.3.77–79 Furthermore, equation 3.7 gives the opportunity to calculatethe volume fraction Φ of the scattering centers in the sample area, according to expression
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2.19, with:

Φ = NSASfit · Vp = NSASfit ·
4π

3

〈
R3
〉
. (3.8)

3.12.6. SAXS fitting procedure for cuboid scatters

SAXS curves were obtained for both catalyst samples according to the standard procedure,as described in chapter 3.12. Mathematical fitting of experimental scattering curves wasperformed using corresponding formfactors for spherical and cubic particles (chapters 2.7.4,2.7.5).An extended data processing was required in case of the catalyst containing cubic nanopar-ticles. Due to the complex expression of the formfactor (expression 2.24a), a two step es-timation of fitting parameters was required. First the shape factor P′(q) was considered.The value can be determined by assuming the shape factor being a very thin disc. Incase of a parallelepipendron, the radius of such thin disc is equals to radius of gyrationof a planar object. According to literature,77 radii of gyration of a sphere Rg,sphere and ahomogeneous planar object Rg,planar are
Rg,sphere = RG,α=0 = RRG,α=0

·
√

3

5
,

Rg,planar = RG,α=2 =

√
a2 + b2 + L2

12
.

(3.9)
where RG,α are the radii of gyration obtained from Guinier approximations 2.21, α is thedimensionality of a particle, RRG,α=0

is a sphere radius determined from Guinier approx-imation, a is the width, b is the length of a parallelepiped particle and L is the respec-tive thickness, as illustrated in figure 3.4. The radius of gyration of such cubic particle

Figure 3.4.: Illustration of SAXS estimates for cubic particles, as described in text.
(Rg = RG,α=2) can be determined using the extended Guinier’s approximation for a planar
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object (eq. 2.21). The estimate RG,α=2 can be correlated to the space diagonal D of acubic particle:

D =
√
a2 + b2 + L2 = RG,α=2 ·

√
12 . (3.10)

The space diagonal D is a fixed parameter, which represents the contribution of the shapefactor P′(q). The value of D was determined with Origin-software from Porod-backgroundcorrected scattering curves using the script Guinier_correct.ogs (see appendix A). Theestimate of D had to be defined in the fitting software SASFit for further data processing.Second, a lognormal distribution of particles thickness L was estimated considering thecross section formfactor Pcs(q). The distribution of L exhibited a corresponding lognormaldistribution of face diagonals d =
√

a2 + b2 by application Pythagoras’ theorem,
d =
√
D2 − L2 . (3.11)

All SAXS estimates from fitting (L, d) were mean values of lognormal-type value dis-tributions. According to expression 3.7 volume-weighed values were calculated. Final,volume-weighed estimates are marked with an index lc.In summary, following steps were performed in order to extract quantitative information oncuboid particle dimensions:
- From transmission and background corrected SAXS curves Porod backgrund wassubtracted and the resulting curve was plotted as ln(I(q)) vs. q2.- Guinier plot was fitted with a linear function and the slope was estimated.- In respect to the extended Guinier approximation, radius of gyration was estimatedusing the appropriate dimensionallity (α = 2 for flat particles).- From radius of gyration (equivalent to Guinier radius RG,α=2) the space diagonallength D was calculated. This value reflected the contribution of the shape factor

P′(q).- D was set as constant and a lognormal distribution of cuboid thickness L was esti-mated by accounting the contribution of the cross section formfactor Pcs(q).- Using Pythagoras’ theorem, the corresponding distribution of particle face diagonald was calculated.- Finally, from resulting lognormal distributions intercorrelation length based param-eters Llc and dlc were calculated using the desired moments of the distribution.
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3.13. Chemicals

Table 3.4.: List of used chemicals.
Chemichal

formula
Compound Purity / % Providing

company
Abbreviation

H2O Water Millipore 100 -
H2PtCl4 · 6H2O Dihydrogenhexachloroplatinathexahydrat

99.95 Alfa Aesar -
Pt(C5H7O2)2 Platinum acetylacetonat 97 ACS Pt(acac)2

Co2(CO)8 Dicobalt octacarbonyl 94 Sigma Aldrich -
C2H6O2 Ethylenglycol 99.5, p.a. Carl Roth -NaOH Natriumhydroxid ≥ 99 Carl Roth -
H2SO4 Sulfuric acid 95-98 Sigma Aldrich -HCl Chloric acid, 37% 99 VWR -
HNO3 Nitric acid, 65% 99 Carl Roth -
HClO4 Perchloric acid, 70% 99.999 Sigma Aldrich -
CH2Cl2 Dichloromethane 99.5 ACS DCM
C14H14O Dibenzylether 98 Fluka DBE

CH6O Ethanol 99.8 Carl Roth -
C6H4Cl2 o-Dichlor-benzol 99 Fluka DCB
C14H30O2 Tetradecan-1,2-diol 90 Sigma Aldrich TDD

C7H8 Toluol 99.5 Sigma Aldrich -
C18H37N Oleyl amine 70 Sigma Aldrich OAM
C18H34O Oleic acid 99 Sigma Aldrich OA
C12N4H16 3-methylN-butyl-pyridinium-dicyanamide

VWR 3-MBP-dca
C3H8O Isopropanol ≥99.5 Sigma Aldrich -
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Chemichal

formula
Compound Purity / % Providing

company
Abbreviation

N2 Nitrogen gas Linde -
O2 Oxygen gas Air Liquid -
CO Carbon monoxide gas 99.97 Linde -C Multi walled carbonnanotubes - Bayer MWCNT
C Vulcan XC 72R - Cabot VCC High surface areacarbon - TKK Japan HSAC
C Hollow coremesoporous shellcarbon

- KoreaUniversity HCC



4. On the effects of general experimental

parameters on particle growth trajectories

In this chapter contributions of general experimental parameters, such as used electrodesurface, gaseous environment and scanrate of cyclic voltammogramms, will be validatedand discussed.Investigations presented in this thesis are based on two different strategies for studyingnanoparticle behavior during electrochemical treatment: First, after a substantial struc-tural characterization of pristine powder catalysts are characterized electrochemically fortheir ORR activity and electrochemical stability during potential testing. Therefore, infor-mation on ECSA change is extracted to monitoring catalyst degradation. Second catalystsare characterized via in situ SAXS in order to gain more detailed insights on particletrajectories during electrochemical treatment.Experimental environments for electrochemical measurements and SAXS investigationsdifferent: for LSV measurements a RDE with a well polished bulk GC surface was used.Such rotating electrode had to be positioned vertically to guarantee minimization of masstransport limitations during electron transfer processes. In contrast, for SAXS experimentsx-ray transparent electrodes were required, because the scattering signal was detectedin a transmission mode. Hence, different electrochemical cells were used for selectedexperimental investigations. In order to ensure that both study strategies supplementeach other and a correlation of results obtained with unequal setups evidence correctconclusions, a general investigation of experimental setup parameters was performed.For this purpose CV measurements were conducted in 0.1 M HClO4 electrolyte applyingan electrochemical protocol summarized in table 3.1. ECSA was determined from Hupd-CVin the potential-range of 0.005 - 0.400 V, as described in chapter 2.6.
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Table 4.1.: Applied potential protocol for validation of general experimental parameters. Hupd: CVsmeasured for calculation of Pt-ECSA; Act: activation CVs for catalyst-surface cleaning;AST: acceleration stress test CVs.

Technique Hupd Act Hupd AST Hupd

# of cycles 3 200 3 100 3
Range / mV 5-1100 5-1100 5-1100 500-1100 5-1100

Rate mV · s−1 50 500 50 50 50
← Looping sequence →

4.1. Electrode surfaces: Rotating disc electrode (RDE) vs. carbon

sheet electrode (CSh)

As mentioned above, monitoring of ECSA altering and size trajectories of catalyst particlesrequired different experimental assemblies, which were introduced in detail in chapter 3.Here, a comparison of two degradation behavior of a catalyst supported on electrodes withdifferent surfaces (figure 4.1), namely a GC disc (smooth) and a carbon sheet (rough) willbe discussed. The contribution of electrode surface nature to particle degradation duringelectrochemical treatment will be established.In order to isolate this parameter, experiments were performed in the same experimentalsetup - in a classical electrochemical glass cell. RDE and CSh electrodes were treatedcorresponding to standard electrode preparation procedures. It is important to note that

Figure 4.1.: Comparison of different electrode surfaces. a) Photograph of a smooth glassy carbonrotating disc electrode used for electrochemical catalyst characterization. b) Scanningelectron micrograph of a rough carbon sheet electrode used for in sit SAXS measure-ments.
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the amount of catalyst ink on CSh was always set to tenfold volume applied on a GC disc,as described in chapter 3. This concomitant requirement must be included in a correctstudy of effects of measurements using different electrodes.RDE and CSh electrodes were coated simultaneously with the same freshly prepared inksolution of a commercially available benchmark catalyst 21.5wt-% Pt / VC. CV measure-ments were conducted in permanently N2-saturated electrolyte applying an electrochemicalprotocol summarized in table 4.1.Experimental CV curves are presented in figure 4.2a. As expected from a tenfold Ptloading on the CSh as compared to a GC-RDE, the CSh-measurement exhibited muchhigher current values as in case of RDE.

Figure 4.2.: Comparison of CV measurements of 21.5wt-% Pt / VC catalyst, performed on RDE andon CSh. a) Experimental data collected in N2-saturated 0.1 HClO4 at 25°C with ascanrate of 50 mV s−1. b) Calculated ECSA estimates from RDE (black) and CSh(red) experiments as function of potential cycles.
ECSA values were evaluated for each experiment according to expression 2.5c. Figure4.2b illustrated the evolution of ESCA as a function of potential cycles. Initially sig-nificantly different ECSA estimates, which were determined before 200 activation cycles(ECSARDE(-2) = 67.5 m2 g−1

Pt vs ECSACSh(-2) = 24.3 m2 g−1
Pt ), converge with a proceedingpotential stress. A coincidence of curves is observed 200 potential cycles after activation(ECSARDE(2) = 63.9 m2 g−1

Pt vs. ECSACSh(2) = 61.4 m2 g−1
Pt ). Subsequently, ECSA curvesremain overlayed.The initially low ECSA value determined on CSh electrode could be attributed to theremovement of impurities on electrodes surface. In contrast to RDE, it was not possible topolish a CSh electrode and remove embeded impurities from the electrodes surface priorto experiment. Consequently, instead of hydrogen-atoms, impurities-molecules naturallycovering such paper electrodes were able to occupy Pt atoms of the catalyst. Hence, ECSAvalues, which were determined from the amount of deposited H-molecules on Pt-atoms,
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were likely to be low. A certain number of potential cycles (activation cycles and additional200 AST cycles) was required to remove undesirable molecules and obtain “clean” Ptnanoparticles surfaces. Consequently, ECSA values on CSh merged to the values obtainedon an initially clean RDE subsequent to removement of impurities from Pt-atoms, eventhough the ink-film thickness of CSh is assumed to be significantly higher compared toRDE. This finding is in agreement with assumption valid for fuel cell assemblies (figure1.1), which consist of thick catalyst layers on both sides of a PEM.In summary, experimental findings evidenced that catalyst nanoparticles were electrifiedequally on RDE and on CSh from begin of the applied electrochemical treatment. Asdiscussed in the introduction section 1.3, fuel cell catalyst degradation is mainly affectedby processes caused by electron transfer. Hence, surface characteristics of a used electrodehad an effect solely on ECSA evolution of observed catalysts. However, no significantcontribution to degradation of particles was concluded. Additionally, this study points outthe advantages of application RDE for ECSA determination besides to its essential usefor ORR activity measurements.
4.2. Effect of the gaseous environment: N2 vs. air

All performed electrochemical characterizations of catalysts consisted of a combination ofLSV and CV techniques. As introduced in chapter 3.11, those voltammetry methods re-quired saturation of electrolyte with N2 or O2, depending on method selection. Hence,alteration of catalyst was proceeding in N2 saturated electrolyte and only for LSV mea-surements the gas was exchanged to O2. However, structural in situ analysis with SAXSwas performed in air saturated electrolyte due to the open-cell assembly of the used insitu SAXS-cell (figure 3.2).In regard to catalyst degradation mechanism introduced in chapter 1.3, such as oxidation ofPt or carbon support corrosion, alteration of a catalyst in an electrolyte containing differentgases was investigated. Experiments were performed using a RDE/glass cell setup in 0.1M HClO4. Measurements were conducted following the electrochemical protocol shown intable 4.1. First, experiments were performed in a “classical” way, which means that theelectrolyte was permanently saturated with nitrogen. Next, same catalyst was probed inair-saturated electrolyte, which means that N2 was used only during Hupd-CV (of cause,for this purpose prior to Hupd-CV to remove air the acid was bubbled with N2). Besides,after each Hupd-CV measurement the electrolyte was bubbled for 10 minutes with O2 gasin order to remove N2. Following accelerating stress test cycles were performed without
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any external influence, hence, in air saturated electrolyte.Aiming to extract the influence of the gas dissolved in the electrolyte a benchmark catalyst21wt-% Pt/VC and a synthesized catalyst 17wt-% Pt/MWCNT were selected. The supportstructure of these catalyst is completely different, as shown in figure 7.1).Hence, if carbon oxidation is enhanced by the oxygen contained in the electrolyte andaffects Vulcan and multi walled carbon nanotubes in a different manner, loss of ECSA ofthe catalysts strongly reflects this.

Figure 4.3.: Comparison of catalyst degradation in N2 (black) and air (red) saturated electrolyteby normalized ECSA as a function of potential cycles for a) benchmark catalyst 21%Pt/VC and b) synthesized catalyst 17% Pt/MWCNT.
Normalized ECSA curves of Pt/VC and Pt/MWCNT are shown in figure A.1; correspondingCV and absolute ECSA values as function of potential cycles are reported in figure A.1(appendix A). The calculated estimates were normalized to the value obtained immediatelyafter activation cycles in order to clarify the differences between catalysts treated in N2-electrolyte (black curves) and in air-electrolyte (red curves). Results evidence a similarnormalized ECSA decay curve for either catalyst. A comparison of total ECSA losses doesnot represent a quantitave relevance to this study and will not be discussed here, butlater in the chapter 7, which subjects to a comparison of degradation of Pt nanoparticlessupported on diverse carbons.Based on experimental finding, it was concluded, that gas content in the electrolyte doesnot play a significant role in particles trajectories during electrochemical treatment. Dataexhibited equal ESCA losses in case of Pt nanoparticles supported on carbons with dif-ferent structures, independently of N2 or air content in the catalyst environment. Hence,a very similar catalyst degradation during electrochemical characterization in a glass celland in an in situ SAXS-cell could be concluded.
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4.3. Effect of potential scanrate

Fuel cell catalyst degradation was simulated by an electrochemical accelerating stress test(AST). Particle catalysts were subjected to AST-protocol(4.1) and the resulting particle sizetrajectories were monitored after every 100 cycles. Hence, the duration of each degradationexperiment was mainly controlled by the selected CV-scanrate.In order to estimate, if experiment duration can be optimized, degradation studies of thebenchmark catalyst 21% Pt/VC were conducted at 200 and 50 mV s−1. Using a NanoStarlab based setup samples were measured using in situ SAXS. For a quantitative comparisonof size trajectories the estimates were plotted vs. time of AST cycles, which was calculatedby
tAST =

NAST · 2(rAST )

Scanrate

1

3600
,

where tAST is the time of treating the catalyst with accelerating potential stress CVs, NASTis the number of applied AST between single SAXS measurements, rAST is the potentialrange of a AST wave (this value has to be accounted twice for back and forward scans ofa CV), all according to table 4.1Experimental results are shown in figure 4.4. Curves of particle diameter, normalized num-ber density and normalized volume fraction of one scanrate overlay with the correspondingestimates of the second scanrate.

Figure 4.4.: Comparison of catalyst degradation of 21% Pt/VC induced by AST potential cycleswith scanrates of 200 mV s−1 (hollow symbols) and 50 mV s−1 (full symbols). Particlesize evolution (circles), change of norm. number density of particles (triangles) and ofnorm. volume fraction (squares) as a function of tAST, respectively.
Obviously, particle degradation is likely to depend solely on the absolute amount of time ofAST duration. No significant difference in particles trajectories was observed treating the
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catalyst with 50 mV s−1-AST and 200 mV s−1-AST. Hence, all experements in this thesiswere performed using 50 mV s−1 in order to minimize the number of SAXS-measurementsand consequently the total time of in situ observations.
4.4. Summary

Experimental investigations presented in this chapter aimed to check how sensitive thetime evolution of catalyst stability descriptors were to chages in electrode surface andloading, scanrate and gas environments. This was necessary for a correct correlation ofresults obtained from analytical methods performed under different conditions, such aselectrochemical catalyst characterization and in situ SAXS degradation studies.
First, two different types of electrodes were compared: a smooth, polished glassy carbonrotating disc electrode and porously structured carbon-paper sheet electrodes. Experimen-tal investigation were conducted using a benchmark catalyst Pt/VC. The results revealedthat particles were electrified in the same way on both types of electrodes, within the errorof measurements. Additionally, it was pointed out, that a tenfold amount of catalyst on aCSh, compared to RDE coverage, does not affect particle degradation.
Second, the role of gas environment in the electrolyte was determined. The study wasbased on the differences in conditions between electrolyte consistence in a glass cell (N2-saturation) compared to a SAXS-cell (air-saturation). For that purpose Pt nanoparticlessupported on two different types of carbon were probed on a RDE. CSatalyst degradationby oxidation is attributed also to carbon structure. Hence, oxygen contained in the elec-trolyte by saturation with air was suggested to affect carbon corrosion and consequently,catalyst performance loss. In contrast to this, experimental findings evidenced that ECSAloss trajectories are not significantly affected by the gas content in the electrolyte.
Finally, the effect of potential scanrate on particle degradation rate was estimated. Toachieve that a benchmark catalyst was probed electrochemically and simultaneously par-ticles trajectories as a function of potential cycles were monitored with in situ SAXS. ASTcycles were conducted with 50 mV s−1 and 200 mV s−1 in order to proof, if any changein particle structural development depending on scanrate can be deduced. Experimen-tal results clearly demonstrated that solely the absolute time of AST-application affectsparticles degradation.



5. Activity and stability of shape selective

nanoparticles

5.1. Introduction

The design of fuel cell catalysts aims at creating surfaces that balance the adsorptionof reactants and desorption of products, and at same time lower the activation energy ofreactions. Both theoretical and experimental studies have shown that electronic struc-ture and surface atom arrangement are two key factors to determine the performance ofelectrocatalysts.3Catalytically active platinum nanoparticles with various shapes, such as cube, cubooc-tahedron, octahedron, nanorod and various multipods have been synthesized in the pastyears.80–82 Platinum tubes and hollowed structures can also been obtained using tem-plates or through galvanic replacement.83;84 Previous studies on electrochemical activitiesof differently shaped Pt nanoparticles, (such as spherical, polyhedron, truncated cubesand cubes),81;82 evidenced an enhancement of ORR activity in case of cubic catalyst par-ticles. Besides catalyst activity, its stability is one of the key issues for application instate-of-the-art technologies.In this chapter the presented studies subject to identification of contribution of particleshape on particle degradation during electrochemical performance. To achieve this twotypes of Pt nanoparticles were selected: spherical and cuboid noble metal catalysts.Aiming at extracting the dependence of degradation of the electrocatalysts on shape, spher-ical and cuboid Pt nanoparticles were synthesized with comparable sizes and subsequentlysupported on same conductive carbon support. Subsequent to ex situ characterization, cat-alyst samples were probed for their elctrochemical performance and stability. Additionalstructural degradation studies were performed to exhibit the desired relationship of catalyststability on the geometry of used nanoparticles.
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5.2. Structural characterization of pristine catalysts

Catalyst powders were synthesised as described in chapter 3.2. The catalysts were charac-terized before electrochemical testing with ICP-OES, TEM, XRD and SAXS, all estimatesare summarized in table 5.1 at the end of this chapter section.A reliable comparison of electrochemically induced degradation of nanoparticle Pt cata-lysts can only be realized in case of similar metal weight-loadings on conductive support.Hence, the amount of particle loading on the conductive support was determined with ICP-OES. The measurements exhibited comparable Pt weight-% loadings for both catalysts:7.63% in case of spherical particles and 6.3% for parallelepipeds.TEM images (figure 5.1) of the synthesized spherical and cubic Pt nanoparticles supportedon VC, respectively, identify different particle shapes. Besides, a homogeneous distribu-tion of Pt NP on the conductive support was approved and first information on particledimensions was revealed. Information on particle size was not extracted from microscopicmeasurements due to impracticalities of dimensioning parallelepiped shapes. For thispurpose x-ray diffraction and small angle scattering experiments were conducted.Experimental diffraction curves are given in figures A.2 (appendix A). First statistically rep-resentative crystallite size estimates were revealed from x-ray reflex-broadening using theScherrer equation 2.4.53 Similar crystallite size estimates for spherical (4.5 ± 0.1 nm) andcubic (4.9 ± 0.4 nm) nanoparticles qualified the samples for competitive studies. However,XRD is an analytical method that is applicable for characterization of crystalline structuresonly.



5. Activity and stability of shape selective nanoparticles 55

Figure 5.1.: Characterization via TEM and HRTEM of a1), a2)pristine spherical and b1), b2)cubicPt nanoparticles supported on VC, respectively.
In contrast to XRD, SAXS does not require a crystalline structure to obtain structuralinformation. Hence, additional SAXS experiments on pristine powder samples were per-formed to gain more detailed and representative information on nanoparticle dimensions.First, background corrected experimental SAXS curves were transformed to Guinier plots(see chapter 2.7.2), as shown in figures 5.2a2 and b2. Linear fits in the initial regionsof such Guinier plots revealed desired radii of gyration by choosing correct dimensional-ities α. From relationships given in expression 3.9 sphere diameter of 4.0 nm and spacediagonal of 5.6 nm were calculated for the corresponding samples. The estimates are inagreement with values determined by XRD analysis. Mathematical fitting of experimental
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SAXS curves evaluated volume-weighted particle size estimates (for reference see table3.3). Corresponding to determined values probability density functions (pdf) of particlesizes were evaluated. The resulted plots are shown as inset graphs in figures 5.2a3 andb3, together with experimental data including fit curves.In particular, detailed structural analysis of cubic nanoparticles was realized exclusivelyusing SAXS: TEM was limited by depth analysis due to a 2-dimensional imaging, whereasXRD was limited by required condition of crystallinity. SAXS was found to be a power-ful analytical tool that allowed statistically accurate characterization of a 3-dimensionalstructure of cuboid particles independently of a presence of crystalline domains.

Figure 5.2.: Characterization via SAXS of pristine spherical (images a) and cuboid (images b) Ptnanoparticles supported on VC, respectively. Numbers 1 correspond to experimentalSAXS curves with respective Guinier functions. Insets are Guinier plots of data. Num-bers 2 correlate a mathematical fit function with experimental data. Inset shows theobtained pair distribution functions.
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Table 5.1.: Structural characterization of catalyst powders with differently shaped Pt nanoparticlessupported on VC after coating with spherical and cubic Pt nanoparticles via ICP-OES,XRD, SAXS. Guinier sizes are estimated by equation 3.9 and given as 2 · RRG,α=0

and
Rg,planar ·

√
12. Particle sizes are given as 2 · Rlc for spherical particles and Llc forcubes.

Particle Pt-loading Crystallite
size

Guinier size Particle size Poly-
dispersity

Shape in %wt, in nm, in nm, in nm, in %,

ICP-OES XRD SAXS SAXS SAXSSpherical 7.6 4.5 ± 0.1 6.7 5.0 0.25Cuboid 6.3 4.9 ± 0.4 5.6 3.3 0.35
5.3. In situ degradation study

Electrochemical testing

Structurally characterized catalysts were tested in terms of their electrochemical perfor-mances. From LSV and CV measurements (introduced in chapter 3.11) catalyst activi-ties for ORR and ECSA development during an extended electrochemical treatment wereevaluated. For this purpose, a defined standard electrochemical protocol, as summarizedschematically in 3.1, was applied to prepared RDEs. Exact potential settings are given in3.1. All results from electrochemical characterization are summarized in table 5.2 at theend of this chapter.

Figure 5.3.: Electrochemical characterization of spherical (black curves) and cubic (red curves)Pt nanoparticles supported on VC, respectively. LSV curves were measured in O2-saturated 0.1 M HClO4 at 25°C with a scanrate of 5 mV s−1.
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Experimental LSV polarization curves are shown in part a of figure 5.3. Pt-mass basedvalue for ORR activity of spherical catalyst (0.095 A mg−1

Pt ) differ significantly from theestimates for cubic nanoparticles (0.059 A mg−1
Pt ). Based on previous studies reportedin literature,20;26;80 this experimental findings could be attributed to the shape diversityof particles. Markovic et al. reported that ORR activity, observed in different typesof electrolyte, varies with geometric structure of particles.20 The authors conclude fromexperimental findings performed in perchloric acid an ORR mass activity trend of Pt crystalfaces as follows: (100) < (110) ∼= (111). A closer look on structures of spherical andparallelepiped particles and corresponding prefered orientations of respective (100) and(111) planes, as illustrated in figure 5.4, reveals the link of observed ORR activity to crystalstructure. Regarding a significantly different amount of atoms located in (111) surfacesof differently shaped particles and refering to literature an unequal ORR activity wasexpected. Consequently, spherical nanoparticles were more active for the ORR due to ahigher number of (111)-located Pt atoms compared to a cuboid structure.

Figure 5.4.: Illustration of amount of atoms located in (111) and (100) crystal planes for sphericaland cuboid particles. Model particles are based on fcc structure of Pt with diame-ter/hight of 4 nm. Dark grey atoms indicate atoms located in (111)-surface. Lightorange plane denotes the orientation of the (100) face.
These findings refuted previously reported ORR activity enhancement of cubic particles.81;82It is important to notice that those investigations were based on electrochemical measure-ments performed in H2SO4, in contrast to the experiments presented here (only HCLO4was used as electrolyte). As mentioned above, ORR activity is strongly dependant on thenature of used electrolyte.20 In case of H2SO4 the dependence of ORR activity on crystalface orientation is different as for a non adsorbing acid HCLO4. Due to a different pref-erence of SO−4 anion adsorption on atoms located in (111), (100) or (110), the respectivecrystal faces are occupied differently by acid anions. Consequently, these atoms are moreor less blocked and not fully available for oxygen deposition.20;26;27 Hence, these resultsreported in literature cannot be directly correlated to the finding observed in this study.



5. Activity and stability of shape selective nanoparticles 59
Besides ORR activity the catalysts were characterized in terms of electrochemical sta-bility during AST cycles. In order to exhibit the information on degradation behaviour,ECSA values were calculated from CVs (experimental curves are shown in figure 5.5a), asdescribed in chapter 2.6.1. Absolute ECSA values at the beginning of potential protocolwere determined for spherical nanoparticles (48.7 m2 · g−1

Pt ) to be significantly higher thanfor cuboid particles (31.5 m2 · g−1
Pt ). Apparently, spherical particles offered higher surfacearea per mass unit Pt for hydrogen chemisorption.

Figure 5.5.: a) CV for spherical and cuboid Pt nanoparticles supported on VC, respectively. Blackcurves was obtained after completing the activation cycles, red curves were detectedafter finishing the AST protocol of 2400 potential cycles. Measurements were con-ducted in N2-saturated 0.1 M HClO4 with a scanrate of 50 mV s−1. b) Correspondingevolution of normalized ECSA as function of potential cycles for spherical (circles) andcuboid (squares) Pt nanoparticles.
In respect to the main subject of the performed study, normalized ECSA values were plottedas functions of potential cycles, as shown in figure 5.5b in order to compare degradationof spherical and cuboid particles. ECSAs were normalized to the value estimated after200 AST cycles (Nr. of AST-CV = 2). The reason for choosing this point was an observedECSA rise until completing 200 AST cycles, affected by removement of organic residualsfrom synthesis.Time resolved ECSA behaviour was very similar for the probed catalyst samples, accordingto the overlay of normalized ECSA curves. Consequently comparable electrochemical sta-bility could be concluded for spherical and cuboid Pt nanoparticles with comparable sizes.To gain more details on structural stability, in situ SAXS experiments were conducted.
Structural in situ characterization

SAXS experiments were performed in the in situ SAXS-cell. Measurements of scatteringcurves were conducted using the lab system NanoStar (Bruker), equipped with a gas
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Table 5.2.: Summary of electrochemical characterization of catalyst powders with spherical andcuboid Pt nanoparticles supported on VC, respectively.

Catalyst ORR-activity ECSA 200 CV ECSA 2400 CV

shape in A ·mg−1
Pt , in m2 · g−1

Pt , in m2 · g−1
Pt ,

LCV HupdCV HupdCVSpherical 0.095 48.7 46.7Cuboid 0.059 31.5 29.6
detector. Details on experimental performance and curve evaluation are given in chapter3.12.Figure 5.6 illustrates the results obtained from SAXS measurements. In case of sphericalparticles no significant change in particles size was observed (part a1 of the figure). Sim-ilarly, the size of cuboid particles remained stable during a complete AST protocol. Theestimates for particles thickness Llc did not change dimensions during potential cycling.Some fluctuations in particles face diameter curve dlc (hollow circles in part b1 of thefigure) were observed. Concerning the procedure of dlc calculation (equation 3.11), thesefluctuation were attributed to the required calculations of the radius of gyration RG,α=0.Guinier radii were estimated using linear fits of adapted plots of scattering curves. Hence,resolution of the detector influenced the precision of RG,α=0 determination. However, aclear trend could be extracted from plot 5.6b1: cuboid Pt nanoparticles did not significantlygrow.In order to verify these suggestions, it was important to take a closer look on additionalSAXS parameters, such as normalized particle number density N0 an normalized volumefraction Φ. The estimates for N0 and Φ for spherical and cuboid particles suggest particlesstability. Despite the observed fluctuation of the estimates, no indications for particledissolution could be extracted from the presented results. Resulting lognormal probabilitydensity functions of particle sizes illustrate the stability of particle size in case of cuboidparticles (figure 5.6a2). Besides, plot 5.6b2 showed that the face diagonal of cuboidparticles shifted to higher size values, whereas a slight shift in the opposite direction wasobserved for particle thickness. However, both variables Llc and dlc are related to eachother (eq. 3.11) and were likely to mutually influence the corresponding counterpart.These findings were in agreement with comparable studies reported in literature.27;85;86Kikuchi et al. and Onochi et al.85;86 reported on AFT shape stability studies of large
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Figure 5.6.: In situ SAXS degradation study results for spherical (images a) and cuboid particles(images b). Numbers 1: Evolution of normalized number density of particles, normalizedvolume fraction and particle size as functions of potential cycles, respectively. Numbers2: Resulting LogNormal distributions of determined size values.
cuboid nanoparticles (∼ 30 nm) probed in non acidic electrolyte. They observed a slightincrease of particles hight upon the onset potential of 1.2 V, which was attributed toPt-oxide formation. However, in the here conducted study the applied potential did notexceed 1.1 V. Komanicky et al.27 investigated dissolution of Pt atoms located in differentcrystal planes. The authors deduced that in the low-index surfaces, the platinum oxideformation passivated the surfaces, resulting in a lower dissolution rates at a potential of0.95 V. These findings support the results obtained in the in situ SAXS degradation studypresented here.
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5.4. Conclusions

The investigations presented here aimed at correlation fuel cell catalyst stability withrespect to the geometric structure of Pt nanoparticle catalysts. To achieve this, catalystsamples consisting of spherical and cuboid Pt nanoparticles, supported on carbon (VC),were synthesized.The preparation procedure was tailored to obtained particles with comparable dimensions.Indeed, structural characterization methods, such as ICP-OES, TEM, XRD and ex-situSAXS revealed that the synthesized samples were appropriate for a competitive degrada-tion study.Next, catalyst samples were characterized electrochemically under same experimentalconditions. ORR-activities, extracted from LSV measurements, identified spherical Ptnanoparticles as a significantly more suitable catalyst, compared to cuboid catalysts. Thisfinding was attributed to the different ratio of (111) and (100) crystal facets.20 Besides,absolute ECSA values indicated that spherical Pt nanoparticles offer a higher surfacearea for H-chemisorption than cuboid particles with comparable sizes. However, ECSAloss affected by potential cycling was similar in case of both samples. Consequently, sameelectrochemical stability was concluded.Additionally, in situ SAXS experiments were conducted to exhibit structural particle sta-bility. In cases of spherical and cuboid nanoparticles size estimates remained constantfor the total duration of potential stress protocol, respectively. Corresponding values fornormalized number density of particles and normalized volume fraction did not indicateparticle dissolution. The results were in agreement with previously reported studies onstability of cuboid nanoparticles.27;85;86 Hence, structural stability of the compared samplesdid not differ significantly.In summary, overall catalyst stability of nanoparticles in the size range of 4-5 nm seemed tobe independent on particles geometry. Solely, electrochemical performance of the catalystwas attributed to the geometry of used Pt nanoparticles.



6. Catalyst composition modification: activity

and stability of PtNi alloy nanoparticles

6.1. Introduction

In the past decade a great research effort has been underway aiming at the optimization ofelectrochemical catalysis for renewable energy conversion. Polymer electrolyte membranefuel cell (PEMFC) technology is a promising approach for a replacement of fossil fuels withenvironmental friendly alternatives.5;8;9;13;45;87–89. Fuel cell performance, however, dependsstrongly on the activity and stability of the catalyst used at the electrodes. Considering theacid ambience in a PEMFC the usage of noble metal catalysts, such as Pt nanoparticles, isindispensable for attaining of sufficient activities for the oxygen reduction reaction (ORR).Platinum, however, is very scarce which impedes large-scale applications slowing downthe development of PEMFC technology. An approach of reducing the amount of Pt isalloying it with other, mostly transition metals.3;7;90–99.Using a single crystal as a model system96 Stamenkovic et al. showed that a Pt3Ni(111)crystal surface exhibits orders of magnitude higher ORR-activities in PEMFC applica-tions compared to Pt(111) crystal surface and to conventional nanoparticle Pt catalystssupported on carbon. Single crystals, however, do not represent a practical and usefulcatalyst class of materials. Recently, PtNi nano-sized alloys,in, particular with >50% ini-tial Ni abundance, have emerged as the most attractive bimetallic nanoparticle alloys forachieving both high activity and stability while reducing the amount of Pt used.83 Dueto the high initially Ni content the active form of the catalyst is obtained through a Nidissolution and particle dealloying process.The detailed structure of such dealloyed nanocatalysts is still poorly understood. This islargely in part due to the fact that many of the powerful surface characterization tech-niques do not offer a required combination of high resolution and statistical accuracy. Anoverwhelming number of studies have employed Transmission Electron Microscopy (TEM)before and after the electrochemical testing.84;100 uch studies are limited in accuracy by
63
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the facts that only few selected nanoparticles are analyzed reducing the statistical signif-icance of the results. More statistically representative results can be obtained when thewhole ensemble of nanoparticles is probed at once. The experimentally observed catalyticproperties are also a result of the cooperative action of a large number of nanoparticlesso comparing assembly-averaged morphological and structural characteristics of nanopar-ticles with an assembly averaged property puts the comparison on the same footing.In a previous work48;49 we synthesised and electrochemically characterized several PtxNi1−x(1.00 < x < 0.14) alloy particles aiming at optimizing their catalyst activity for theORR(experimental data is shown in the appendix figure A.3).This study concentrates on Pt14Ni86 (denoted here as PtNi6) and Pt26Ni74 (PtNi3) sup-ported on Vulcan XR32 carbon. These two systems showed remarkable catalyst activitiesfor ORR.48 Both catalysts also showed an increase in the electrochemical surface area(ECSA) during a potential stress protocol tests as compared to a reference pure Pt cata-lyst that showed a 20%-decrease of ECSA, as shown in figure 6.1. To better understandthe enhanced catalytic activity, in particular structural changes associated in respect tothe dealloying of Ni, the two alloy nanoparticle systems were characterized by synchrotronx-ray diffraction and in situ anomalous small angle scattering. The premises of this studylie in the fact that the catalytic properties are, to a great extent, influenced by the type ofatomic and chemical ordering the nanoparticles exhibit.

Figure 6.1.: Normalized ECSA-evaluation as a function of potential cycles for synthezised PtNi6 /VC and PtNi3 compared to a commercial Pt/VC catalyst.
In this study a report will be given on novel atomic-scale insights in the dominant struc-tural transformations during the electrochemical catalytic activation, that is, Ni dissolution,of bimetallic Pt-Ni alloy nanoparticles. Using anomalous SAXS101 and PDF analysis70a structural transformation from disordered to ordered alloy phases accompanied by in-
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creased catalytic activity was observed. It will be also shown that the formation of Ptmultilayer particle shells84;102–105 is increasingly suppressed with higher initial Ni content.ASAXS and PDF are powerful, but relatively rarely used analytical tools complementingTEM. The insights will aid further efforts to understand nanoscale Pt based electrocata-lysts. They will also help design activation protocols and suitable precursor compositionsto arrive at structurally optimized catalysts.
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6.2. Structural characterization of pristine PtNi6/Vulcan

ASAXS experiments were conducted at the 7T-MPW-SAXS beamline of a synchrotronfacility BESSY II. Two different calculation methods were used to extract the resonant termsof scattering, the Stuhrmann-method61;62 and a simplified but very efficient subtractionmethod36 (a detailed description is given in the chapter 2.7.6). Both analysis yieldedsimilar results. Particle sizes in the presented studies on PtNi alloys were monitored atq-values between 0.35 and 3.5 nm. The scattering of carbon support particles (approx. 100nm in size) appeared at much lower wave vector values. Hence, data processing using thesimplified subtracting method turned out to be very reliable.

Figure 6.2.: Characterization of a pristine PtNi6/VC catalyst: a) Experimental resonant ASAXScurves for Pt (circles) and Ni (triangles) with mathematical fits (solid lines), respec-tively; b) XRD profile (line) and theoretical reflex positions for Pt (dotted bars) andNi (solid bars); c) selected TEM image and d) to electron micrographs correspond-ing particle size results from counting 200 particles with a lognormal particle sizedistribution.
Anomalous, Pt and Ni resonant scattering profiles of pristine PtNi6 catalyst (figure 6.2a)were fitted using a lognormal particle size distribution, assuming spherical particles. In-formation on particles sizes were extracted from the estimated element specific scatteringcurves by calculating the volume weighted correlation length diameters (2 · Rlc), which is
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obtained using Rlc =< R4 > / < R3 > ·2/3 = lc · 2/3, where Rlc is the correlation lengthradius, < Rn > is the nth moment of the size distribution.78;79 In contrast to the mean valueof a distribution, the correlation length radius Rlc represents a more accurate estimate dueto a direct relation to the correlation length lc, which is a hypotheses free characteristicconstant of a scattering curve and is extractable without any information on the scatteringsystem.59The fits to the experimental scattering curves (Figure 6.2a) yielded a diameter of 4.6 ± 0.1nm for Nickel and 3.6 ± 0.1 nm for Platinum. These values suggest an enrichment of Ninear the surface of the alloy nanoparticles, which is consistent with recent STEM/EELSmeasurements.99 Lab based XRD patterns are shown in Figure 6.2b. Broad peaks appearat Bragg angles between the theoretically estimated positions of the Bragg peaks for bulkPt and Ni, suggesting the formation of a homogeneous PtNi alloys. Particle size estimatedusing the Scherrer equation53 range around of 4.3 ± 0.4 nm, which are in good agreementwith the estimates obtained by ASAXS. To cross check the SAXS and XRD results wealso conducted TEM experiments (Figures 6.2c and 6.2d). TEM (based on counting about200 particles) revealed an average particles size of 2.3 ± 1 nm. Figure 6.3b compares theparticle size estimates obtained from the several techniques we employed. The differencescan be explained in terms of the unequal averaging methods of the different techniques.TEM provides a particle-number averaged size, while XRD and ASAXS yield a particle-volume weighted size information. Also, in contrast to SAXS and XRD, TEM is limited bythe usually small probe area that is often limited to few particles of the sample studied.In contrast, ASAXS gives an element specific correlation length diameter estimates

Figure 6.3.: Characterization of a pristine PtNi6/VC catalyst: a) probability density functions ofparticle sizes, obtained from resonant ASAXS curves for Pt (dotted line) and Ni (solidline), respectively. b) Comparison between particle sizes obtained by different tech-niques.
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6.3. Structural evolution of PtNi6 during activation, catalysis and

potential cycling

Structural changes of the PtNi6 nanoalloys on the colloidal scale during an extensiveelectrochemical potential cycling protocol involving activation, ORR catalysis and stabilitytesting using in situ ASAXS characterizations of the PtNi6 catalyst in liquid electrolyteunder potential cycling were investigated. Figure 6.4a shows the measured continuousparticle size evolution in terms of Pt and Ni as a function of the number of potentialcycles. In particular, Pt and Ni species show only a slight overall particle size changeduring the potential cycling. The space occupied by Pt species, measured by the Ptcorrelation diameter 2 · Rlc, increases with the progress of the electrochemical treatmentfrom an initial value of 3.4 ± 0.1 nm to 3.7 ± 0.1 nm. This progress can be an evidencefor lattice relaxation in the particle affected by Ni dissolution. An interesting evolutionduring the first 500 cycles of the Ni based parameter from 3.9 ± 0.1 nm to 3.6 ± 0.1 nm,followed by increase to 4.0 ± 0.1 nm, indicates a Ni dissolution and a subsequent particlegrowth.Additionally, structural changes of the PtNi6 nanoalloys on the atomic scale were in-vestigated. To probe the atomic scale rearrangements, in particular ordering/disorderingtransitions ex situ high-energy XRD experiments were conducted and coupled to atomicPDFs analysis on pristine and electrochemically treated/cycled samples. Atomic PDFanalysis has recently proven to be a very powerful tool for structural characterization ofnanosized particles,70 yet has rarely been applied to Pt alloy fuel cell cats.High energy x-ray diffraction experiments were carried out at the beamline 11ID at theAdvanced Photon Source, Argonne using x-rays of energy 115 keV. The higher energyx-rays allow to collect data to higher wave vectors which is crucial for obtaining goodquality atomic PDFs. With the present experiments XRD data up to wave vectors of 28
−1 were collected. The XRD data was reduced to atomic PDFs shown in Figure 6.4b. ThePDF of the fresh PtNi6 particles is well approximated with a model based on the facecentred cubic (fcc) lattice of Ni, where some Pt atoms have been randomly accommodatedresulting in a chemically disordered solid solution single phase. A surprising finding wasthat the calculated atomic PDF for the used catalysts reveals characteristic features of Niphase segregation, namely a pronounced shoulder on the left hand side of the first PDFpeak (Figure 6.4c). This intra atomic distance is consistent with metallic Ni-bond lengths,suggesting a formation of Ni rich domains. The residual part of the atomic PDF representsan fcc phase (CuAu3-type).
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Figure 6.4.: a) Particle size evolution during potential stress cycling of PtNi6 catalyst, derivedfrom in-situ ASAXS measurements: Pt (black hollow cycles), Ni (red triangles). b)Experimental (black dots) and model atomic PDFs (red lines) for pristine and used
PtNi6, c) represents an extended region of plot b. PDF models feature chemicallyordered (Pm-3m) and disordered (Fm-3m) cubic-type lattices.

Apparently, dealloying of a solid solution leads to an ordered alloy structure. The HEXRDand PDF analysis show clear evidence for i) leaching of Ni, ii) rearrangement of the atomicspecies across the nanoparticles and iii) massive ordering of the crystal structure of thenanoparticles. In particular, Ni atoms seem to leach out of the nanoparticles during thevoltage cycles, resulting in an unexpected change of the atomic arrangement from an initialsolid solution of Pt in a Ni matrix to chemically ordered PtNi3-type alloy structure.In order to quantify the elemental composition change during potential cycling we per-formed x-ray fluorescence (XRF) analysis from the fresh and electrochemically treatedcatalysts (experimental data is shown in fig. A.4a). Initially Ni rich alloy nanoparticleswith a composition of Pt14Ni86 transform to Pt rich Pt76Ni23 alloys. This estimates are inagreement with a recent study by Wang et al.,103 who reported on electrochemically treated
Pt3Ni, PtNi and PtNi3 alloy nanoparticles and modelled the Ni loss of catalysts. The au-thor’s model predicted a PtNi-core/Pt-shell structure formation where the shell thicknessscales directly with initial Ni atomic-% catalyst composition. However, experimental data
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for particles with Ni content higher than 75 at.-% is not provided.In summary, the particle crystal structure was exhibited as one leading parameter ofthe catalytic performance of transition metal rich Pt-alloy nano catalysts and extendthe previously reported model of core-shell formation by our findings evidenced by in-tra particle atomic rearrangements. The results establish a clear relationship between the
PtNi6/Vulcan nanoparticles catalytic activity, size, composition evolution and structure-type evolution during electrochemical performance.
6.4. ASAXS data evaluation methods: A comparison

At this point it is necessary to discuss different ASAXS experimental data evaluationprocesses. A well established calculation method for resonant scattering curves is a cal-culation termed as Stuhrmann-method61;62. Besides, a reduced method for determinationof element resonant scattering curves, based merely on subtraction of a curve measured atx-ray energy near the absorption edge of the metal of interest from a curve measured inan energy range far away from the edge, can be used as well. The element specific curveresults then from the obtained intensity contrast. Both methods are described in detail inthe chapter 2.7.6 of this thesis.The results for the determined sizes obtained from both methods are shown in figure 6.5.Part a of the figure demonstrates the particle sizes estimated for Pt, part b the estimatesfor Ni.

Figure 6.5.: Comparison of particle size values for a PtNi6/VC catalyst, obtained from ASAXS usingthe Stuhrmann method and the subtraction method for a) Pt resonant values and b) Niresonant values.
Obviously, some of the points are missing for the Stuhrmann-method based values for Ptand Ni, respectively. One of the reasons is that the method is very sensitive to energy
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fluctuations of the incident x-rays. If any process during the absolute calibration processfails or any instability of the measuring equipment occurs, Stuhrmann based calculationdoes not offer any resonant scattering curve. Additionally, the sensitivity of the apertureand the monitoring setup differs in respect to the energy variation. Concerning this it isobvious, that the error of calculation is not neglect able and falls heavily into account bycalculation Stuhrman resonant curves due the necessity of at least minimum three scat-tering curves measured at different x-ray energies. Hence, a precise measuring equipmentand high brilliant synchrotron radiation are indispensable to gain a significant ASAXSeffect.In this work ASAXS experiments were carried out at a BESSY beamline completely opti-mized for the sensitive ASAXS technique. However, as shown in figure 6.5, the Stuhrmann-method estimates aver overlapping nicely with the values termed by the very basic sub-traction method. For Pt and Ni resonant values it is clearly shown that there is nosignificant difference in particle size estimates, respectively. A remarkable disadvantageof the Stuhrmann method is that the estimates for Pt and Ni were not obtained at the samestages of the electrochemical treatment protocol. Hence, detailed conclusions on particlestructure during electrocatalysis can hardly be realized in this study using the Stuhrmannmethod. Nevertheless, a detailed insight is available by the subtraction method. Usually,one has to be very carefull by interpreting scattering curves obtained by the less com-plicated method, because the background scattering can still contribute to the scatteringcurve. However, particle size in the presented study on PtNi alloys was monitored byq-values between 0.35 and 3.5 nm−1. Concerning the size of support pieces (≈ 100 nm)the scattering of carbon is expected to be observed at much lower scattering vector values(see also chapter 2). Hence, data processing using a subtracting method is reliable.In the reported study ASAXS results obtained form the subtraction method are discussedmainly in the in-situ sections. Characterization of pristine catalysts via ASAXS wasperformed by application the Stuhrmann method.
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6.5. Structural characterization of pristine PtNi3/Vulcan catalyst

The study on the relationship of activity enhancement of the catalyst to its structuraltransformation during potential cycling was complemented by focusing on a second catalyst
PtNi3/Vulcan. This catalyst showed remarkable catalytic activity, which was enhancedsignificantly by an electro-chemical treatment.48;49
PtNi3/Vulcan catalyst was studied first ex situ as prepared fresh. In Figure 6.6a theresonant ASAXS curves with the corresponding fits for both Pt and Ni metallic species areshown. The particle size probability density function was extracted from the experimentalASAXS data (experimental resonant curves are shown in in Fig. 6.6a).

Figure 6.6.: Characterization of a pristine PtNi3/VC catalyst: a) Experimental resonant ASAXScurves for Pt (circles) and Ni (triangles) with mathematical fits (solid lines), respec-tively; b) XRD profile (line) and theoretical reflex positions for Pt (dotted bars) andNi (solid bars); c) selected TEM image and d) to electron micrographs correspond-ing particle size results from counting 200 particles with a lognormal particle sizedistribution.
The estimated ASAXS particle size values, based on the correlation length, for Pt (3.1 ± 0.1nm) and Ni (3.3 ± 0.1 nm) species, shown in Fig. 6.7a, do not differ significantly. Analysisof the in house XRD patterns yielded a particle diameter of 3.7 ± 0.3 nm (experimentaldata is shown in Figure 6.7b).
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Again, broad Bragg peaks are located between the theoretical positions for bulk Pt andNi. Hence, single alloy particles are expected for the synthesized PtNi3/VC sample.Particles size estimated from TEM images (shown in Figure 6.6c), showed a lognormal sizedistribution (fig. 6.6d)) centered to about 4.7 ± 0.8 nm. Figure 6.7b shows a comparisonbetween the size estimates obtained by the three different techniques employed here.Again, particles sizes estimated by TEM deviate most from those determined with thestatistically more representative XRD and ASAXS.

Figure 6.7.: Characterization of a pristine PtNi3/VC catalyst: a) probability density functions ofparticle sizes, obtained from resonant ASAXS curves for Pt (dotted line) and Ni (solidline), respectively. b) Comparison between particle sizes obtained by different tech-niques.

6.6. In situ study of the atomic scale dynamics of PtNi3/Vulcan

Applying the same electrochemical potential stress protocol tests as for PtNi6/VC cata-lyst the structural rearrangement of the PtNi3 alloy particles was also studied. A cleardifference compared to PtNi6 can be seen in the in situ ASAXS data of PtNi3 catalyst(Figure 6.8a). The analysis of the resonant correlation length diameters follows a differenttrend. Here both Pt and Ni diameters increase over the first 1000 potential cycles. The Ptand Ni diameters, however, differ indicating that the Pt and transition metals (Ni) speciesfollow somewhat different rearrangement paths within the nanoparticles.Concerning the ASAXS resonant diameters the information extracted from the PDFs ofa PtNi3 catalyst suggests a reformation of a homogeneous alloy particle to a core-shellstructure. Ni atoms do not leach out of the particle completely, in addition the thicknessof Pt on the particle surface increases. Consequently, a PtNi-core/Pt-shell structure of atreated catalyst can be assumed. These results are in full agreement with previous studies
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on PtCu and PtCo alloy nanoparticles.84;104;105

Figure 6.8.: a) Particle size trajectories during potential stress cycling of a PtNi3 catalyst, derivedfrom in-situ ASAXS measurements, b) experimental (dots) and model atomic PDFs(lines) for pristine and used PtNi3. PDF models feature chemically ordered (Pm-3m)and disordered (Fm-3m) cubic-type lattices.
To obtain a better insight on the structural rearrangement in PtNi3 caused by electro-chemical treatment a fresh and used PtNi3 samples were probed with high-energy XRD.The respective atomic PDFs are shown in Figure 6.8b. That of fresh PtNi3 particles is wellapproximated with a single phase model based on the archetypal AuCu3-type structure.The PDF of the used PtNi3 particles may only be explained in terms of a mixture of twonanophases. A clear signature of plenty of Ni-Ni distances (Figure 6.8c) was observed.Those are not seen as much in the fresh sample which, therefore, may be called a typicalalloy. One may call the observation of excess of Ni-Ni bonds in the used PtNi3 a signatureof de-alloying or phase segregation.Furthermore, the element compositions of fresh PtNi3 and electrochemically treated alloynanoparticles were estimated. XRF study revealed an evolution of the Pt27Ni73 pristinecatalyst to a Pt-rich Pt73Ni27 alloy (fig. A.4b). Again, we compared a model reported byWang et al.103 with our findings. The simulated function, which includes an experimentallyestimated value for an initial Pt25Ni75 homogeneous alloy, reveals a formation of a Pt rich
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Pt87Ni13 catalyst. A PtNi-core/Pt-skeleton-shell structure with a shell thickness of >1nm was deduced from experimental investigations and supported by the calculated model.Our results exhibit similar tendency of a PtNi-core/Pt-shell structure formation in caseof catalyst with same initial composition. Additionally we determined a shell thickness ofapproximately 1 nm.
6.7. Correlation of nanoparticle structure evolution with catalytic

activity for ORR

Supported by the investigation of PtNi6 particle evolution better understanding of thePt-Ni alloy nanoparticles transformation mechanism during electrochemical catalysis canbe achieved. A scheme of a proposed particle evolution is given in Figure 6.9.In particular, pristine PtNi6 alloy nanoparticles feature a fcc-type ordering of Ni-atomswith randomly distributed Pt atoms in the particles. Part of Ni atoms leach out underelectrochemical stress turning the structure type of the nanoparticles into a more or lesssingle-phase PtNi3 type ordering (Figure 6.9a). Electrochemical treatment of as prepared

Figure 6.9.: Model of PtNi alloy nanoparticle evolution during electro-catalysis.
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PtNi3 single-phase alloy results in a PtNi-core/Pt-shell type particles (Figure 6.9b). Com-pared to a model reported by Wang et al.103 similar element composition changes werefound. The results reported here confirmed a similar trend for Ni catalyst containing upto 75at.-% of the non noble metal. However, a diverse inra particle reformation mecha-nism was found for nanoparticles with a higher initial Ni content, drawn predominantlyby a massive ordering of the crystal lattice. Rearrangement of crystal structure has notbeen considered as an activation mechanism of PtNi alloys yet, in contrast to numerousreports on activity increase affected by a formation of a core-shell7;95;100;104;106 or skeletonstructure83;84;103 for Pt-alloy nanoparticles.In this study, unique supplementary information on particle structure evolution causedby electrochemical potential cycling were provided by application of statistically rele-vant x-ray techniques. Hence, accounting for other studies reported in literature,107;108an increasing ORR activity from PtNi6 to PtNi3 can be explained related to a structuralrearrangement process as described above. Electrochemical treatment of a PtNi catalystfirst stabilizes an ordered alloy structure and subsequently boosts an enrichment of Ptspecies on the surface of the particles. The resulted structure of with Pt enriched surfacealso features compressed Pt-Pt inter atomic distances affected by the underlying PtNicore.
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6.8. Conclusions

In summary, the morphological, chemical and atomic-scale structural evolution of two alloyfuel cell catalysts during electrochemical treatment have been investigated with in situ andex situ x-ray diffraction/scattering techniques. A previous study on the electrochemicalproperties of PtxNi1−x catalysts with various alloy compositions48;49 indicated particleevolution affecting their performance.The results obtained here give a clearer picture of how the nanoparticles evolve underelectrochemical treatment: According to our data the Pt atoms in a PtNi6 catalyst aremore or less uniformly distributed in a matrix of Ni atoms. Then Ni-atoms leach outaccompanied with some nanoparticles coarsening resulting in structure of an ordered PtNi3type. Resulting single phase PtNi3 particles show increased activity compared to the initial
PtNi6 alloy catalyst. Electrochemical treatment of a homogeneous alloy PtNi3 catalystproduces PtNi-core/Pt-shell particles, where geometric lattice strain effect on surface Ptatoms are likely to contribute to the catalytic activity enhancement.Additional catalyst performance leading parameters, which affect ORR activity increaseof electrochemically treated alloy nanoparticle fuel cell catalysts, were investigated. Itwas possible to show that objectives assigned to Pt content minimization by enrichmentof an alloy catalyst with a non noble metal must account the ordering of atoms in thecatalyst’s structure in order to accompany the desired reduction of Pt with an enhancedORR activity. The results provide detailed insights into intra particle atomic structure andaim to a controlled tailor made catalyst improvement.



7. Carbon catalyst supports: The impact of the

surface area on activity and stability of

spherical Pt nanoparticles

7.1. Introduction

Platinum nanoparticles supported on carbons, which can offer high conductivity owing totheir graphitic structure in addition to high surface area, have evidenced enhanced catalyticactivity for fuel cell applications. Studies of such scarce metal based catalysts have indeedshown high ORR activity, however, stability tests exhibited a continuous ESCA loss.4–10The mechanism of ESCA loss is poorly understood. Especially in a potential range above1.2 V, carbon corrosion has been found suspected to be one of the main degradationmechanisms. The progress of carbon oxidation is dependent on the carbons properties,such as structure and porosity.25;39;41;43 Electrochemical treatment of a catalyst below 1.2 Vdiminishes catalyst performance, too. However, in this potential range catalyst degradationis attributed more to nanoparticle degradation than to carbon oxidation.5;6;8–10;15;19;23;25;26;44;45Additionally, previous studies evidenced a direct relationship of catalyst mass activity andthe surface area of the carbon support.109–112 Hence, support morphology influences theelectrochemical properties of Pt catalysts. Consequently, the structure of the support canbe suggested to affect the electrochemical durability of a fuel cell catalyst. In order todetermine supports contribution to degradation, catalysts with different supports were se-lected, aiming at investigating the contribution of supports structure to particle degradationin the potential range below 1.2 V.In this chapter the main objective is to distinguish between the possible particle degra-dation mechanism. As introduced in chapter 1.3, particles can migrate and coalesce; theycan dissolve completely due to their Gibbs-Thomson energy (see equation 1.3) and theproduced metal ions can redeposit on particles surface (Ostwald mechenism). Further-more, particles can detach from the conductive support and consequently suppress the
78
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electrocatalytic performance of a fuel cell catalyst. Here a conclusion will be made onthe particle stability as a function of support morphology. To achieve that, several Ptnanoparticle catalysts supported on various carbons with different morphological proper-ties were selected. Subsequent to a detailed ex situ characterization of pristine powdersthe identification of the dominant degradation behavior of these catalysts as a function ofsupport characteristics will be discussed.
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7.2. Structural characterization of pristine catalyst powders

Two commercially available reference catalysts 20.5%wt Pt on Vulcan XC-72 (VC, BASF)and 28.0%wt Pt on High Surface Area Carbon (HSAC, TKK Japan) and on two synthesizedcatalysts 17.2%wt Pt on Multi Walled Carbon Nanotubes (MWCNT, Bayer) and 20.1%wtPt on Hollow Core Carbon (HCC, Korea University) were selected for this study, becauseof their different morphologies. Catalyst powder synthesis is described in detail in chapter3.1. These catalyst were selected in respect to their diverse morphology and a consequentvarying support surface area, as it can be suggested by figure 7.1.

Figure 7.1.: SEM images of different pristine carbon supports: a) MWCNT, b) VC, c) HSAC, d)HCC.
Nitrogen-adsorption measurements were performed before coating the carbon supportswith nanoparticles. The amount of area per mass unit of carbon powders was calculatedwith the Brunauer-Emmett-Teller equations, as introduced in chapter 2.2. Results show aclear trend of BET estimates: VC < MWCNT < HSAC < HCC.Subsequent to particle synthesis and their deposition on carbon, fresh catalyst sampleswere analyzed with ICP-OES, as described in chapter 3.7 for the determination of the exactmetal loading. Particle sizes were determined via x-ray diffraction and small angle x-rayscattering (XRD and SAXS). A homogeneous particle distributions on carbon supports
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were deduced from TEM migrographs. All experimental data are shown in figure 7.2 andrespective results are summarized in table 7.1.Diffraction patterns (figures 7.2a1-d1) showed broad Bragg-peaks at positions correspond-ing to pure Pt. According to 2.5 the broad peak width indicated the presence of smallparticles. Calculations of particle sizes based on the Scherrer equation confirmed thissuggestion. Particle size estimates were in great agreement with the values obtained fromSAXS.In regard to the calculated errors of particle sizes, the estimated particle sizes of eachcatalyst powder were found to be in the same dimension range. Consequently, experimentalinvestigations on catalyst size trajectories could give the information on the relationshipof nanoparticle stability and supports characteristics.
Table 7.1.: Summary of experimental characterization of carbon supports multi-walled carbon nan-otubes (MWCNT), Vulcan (VC, commercial catalyst), high surface area carbon (HSAC,commercial carbon), and hollow core carbon (HCC) before coating with Pt nanoparticlesvia N-sorption measurements and after coating via ICP-OES, XRD, SAXS.

Catalyst Surface
area

Pt-loading Crystallite
size

Particle size Poly-
dispersity

support in m2 · g−1, in %wt, in nm, in nm, in %,

N-sorption ICP-OES XRD SAXS SAXSVC 170 21.5 2.7 ± 0.4 2.5 25MWCNT 230 17.2 2.0 ± 0.2 1.8 35HSAC 545 28.0 2.6 ± 0.5 2.7 30HCC 1470 20.1 1.6 ± 0.3 1.6 35
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Figure 7.2.: Characterization of pristine Pt nanoparticles catalysts supported on a) MWCNT, b)VC, c) HSAC, d) HCC, respectively. Results were obtained using the analytical tools1) XRD, 2) SAXS, 3) TEM with scale bars corresponding to 10 nm, respectively. Imagesb3 and c3 were adopted from Hasché et al.7;113
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7.3. Electrochemical characterization

All catalysts were characterized electrochemically, as described in chapter 3.11, to deter-mine the ORR mass and specific activities and to obtain information on catalyst durabilityin terms of ECSA-time behavior.Results for ORR mass activity and ECSA of particles estimated after the activation step(ECSAact) and after 2500 potential (ECSAend) cycles are plotted in figure 7.3. (Respectiveexperimental data of electrochemical characterization are shown in figure 7.6 at the endof this section. Calculated values were determined according to the procedure describedin chapter 2.6 and are given in detail in table 7.2 at the end of this section.)Both electrochemical parameters, ORR and ECSA, were correlated to BET surface areaof the C-supports, as shown in figure 7.3a. Obviously, the values of the estimated electro-chemical parameters increase with an increasing BET surface area of the carbon support,except in the case of Pt/HCC (this will be discussed later).

Figure 7.3.: Summary of the electrochemical characteristics of Pt nanoparticle catalysts on differentcarbon supports. a) ORR mass activity (full circles), ECSA (hollow squares) and ORRspecific activity (red stars) of the catalysts as function of BET-surface area of thecarbon supports. b) ORR mass and specific activities as function of ECSAact of thecatalysts.
The ECSA and the Pt mass based ORR activities of the catalysts (Pt/VC, Pt/MWCNT,Pt/HSAC) increased with an increase of carbon BET-surface area, despite similar catalystnanoparticle sizes (see table 7.1). This trend was attributed to a different separation of thePt nanoparticles due to a different amount of pores of the supports, as shown schematicallyin figure 7.4, which demonstrates, that in case of a sufficient separation of a Pt crystallitefrom a neighbour Pt crystallite, almost the full surface area of a particle can be utilized for
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ORR. In contrast, when Pt particles are close together within some critical region, theremust be a mutual influence on the diffusion. Consequently, not all of the present Pt surfacearea is usable for ORR.

Figure 7.4.: Effect of carbon-surface area increase on particle separation. Illustration of accessible(blue) and chemically unusable (red) surface area of supported nanoparticles. Theincrease of particle separation and a consequent increase of chemically accessible areais achieved by the increase of the carbon-surface area. However, if carbon consistsof pores of particle size dimensions (as in the case of Pt/HCC), unusable area ispredominating.
The discrepancy observed for the catalyst with the highest BET-surface area (Pt/HCC)could be attributed to the well defined morphology of the support. The C-shells of HCCcontained meso pores with well defined sizes in the range of 3-4 nm.114 According to litera-ture,112;115;116 pores sizes of 3-8 nm were found to be useful for the fuel diffusion. Uchida etal.115;116 could show that the current density of methanol oxidation increased with increas-ing the volume of 3-8 nm pores. On the other hand, considering the fact that the ionomerparticles are larger than pore diameters, Pt nanoparticles located inside such pores werelikely to not contribute completely to chemical reactions due to a partially missing contactto the ionomer. Obviously, in the case of Pt/HCC catalyst this negative effect of fractionalPt-ionomer contact absence due to pore limitations overacted the positive effect of fueldistribution in such 3-8 nm pores. Due to the observed dramatically low electrochemicallyaccessible surface area of the catalyst, the major portion of particles was likely locatedinside pores and the minor on the surface of such hollow carbon spheres. Consequently,a significant amount of catalytically active Pt nanoparticles surface was excluded fromchemical reactions and thus the ECSA values was low compared to the other observedcatalyst samples. Additionally, the particles located inside pores were not fully accessibledue to the ratio of the active and inactive areas, as defined previously and illustrated infigure 7.4.However, the rate of chemical reaction occurring per square centimeter of Pt should not beinfluenced by the amount of such usable/active Pt area. This relationship was reflected by
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the estimates of the specific ORR activities. The red curve in figure 7.3a illustrates the thebehavior of ORR specific activities as a function of carbon BET-Surface area. The valuesare comparable for Pt/VC, Pt/MWCNT and Pt/HCC, reflecting that chemical conversionrates were not depending on the support morphology, but on the nature of catalyticallyactive atoms (in all cases it was Pt). A significant increase of ORR specific activity wasobserved for Pt/HCC. However, the origin of such high specific ORR activity in the caseof Pt nanoparticles supported on the carbon with the highest BET surface area could notbe identified from the experimental data.A closer look on the electrochemical characteristics exhibited a direct proportional rela-tionship of ORR mass activity and ECSA, as shown in figure 7.3b. Obviously, the ORRactivity per mass unit of Pt increased with increasing electrochemically available surfacearea. This observation was expected due to its simply logical origin: a consequence ofa high amount of ECSA is a higher amount of ORR-performing Pt atoms per mass unit.This finding is in agreement with the hypothesis made from figure 7.4, that illustrated theimportance of the available surface of particles resulting from their separation.These observed results were also in agreement with literature: Supported by experimentalinvestigations from Sattler and Ross110 and Bregoli109, Watanabe et al.111;112 reported,that Pt mass based ORR activity can directly be correlated with the surface area of thesupporting material. The authors identified catalyst particle-separation as a key parameterfor their catalytical performance. Similar to results presented in this study, they foundthat a higher Pt-particles separation resulted an increase of ECSA and a simultaneousincrease of ORR activity.
7.4. Degradation stability studied using electrochemical

characterization

For the durability study, ECSA values were determined for each catalyst as a function ofpotential stress cycles (experimental data is shown in figure 7.6), respectively. In order toquantify the durability of the catalysts, relative ECSA losses were calculated, as describedin chapter 3.11.4. The absolute values of the used ECSA values (ECSAact and ECSAend)and the respective ECSA losses are shown in the bar diagram 7.5a. From this plot a similarsignificant ECSA loss in the case of Pt/VC, Pt/MWCNT and Pt/HSAC was evidenced, eventhough the absolte initial ECSA values were dependant on the carbon’s morphology, asdiscussed before.For the three catalysts Pt/VC, Pt/MWCNT, and Pt/HSAC the value differs max. 3% from
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Figure 7.5.: Evolution of the electrochemical characteristics of Pt nanoparticle catalysts on differentcarbon supports. a) Absolute values of ECSA estimates after activation cycles (hollowbars) and after 2500 AST-cycles (dashed bars) are plotted on the left y-axis. Relativevalues for ECSA-loss (grey bars) are related to the right y-axis. b) ORR specificactivities (red stars) and relative ECSA loss (grey squares) as function of BET-surfacearea of the carbon supports.
each other. In case of the carbon with the highest BET surface area (HCC) the observedECSA loss differed from the other catalysts, which again was attributed to the ratio ofactive and inactive Pt surface (figure 7.4). Consequently, even though the initial valuesof ECSA were directly correlated with supports structure (for Pt/VC, Pt/MWCNT andPt/HSAC), catalyst degradation proceeded with similar rates.An explanation of the equal degradation behavior of Pt nanoparticles supported on carbons,which offered a sufficient amount of usable Pt area (VC, MWCNT and HSAC), was foundby correlating the ECSA loss estimates with the specific ORR activities of the catalysts.Figure 7.5b illustrates that the ECSA loss curve as a function of BET-surface area of thecarbon supports progressed parallel to the specific ORR activities curve. Obviously, solelythe rate of chemical reactions during the AST per area-unit of Pt, which is defined by thespecific ORR activity, controlled the degradation of the Pt nanoparticles. Consequently,atoms that interacted with a higher amount of molecules were predominantly subjected todegradation mechanisms.In order to specify the degradation mechanisms and the respective role of carbons mor-phology and to gain more detailed information on particle size trajectories, structuralinvestigations via in situ SAXS were performed.
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Figure 7.6.: Electrochemical characterization of Pt / Carbon. Letters specify the support structure:a) MWCNT, b) VC, c) HSAC, d) HCC. Numbers show to each support correspondingCVs(1) and LSV (2). ECSA (3) loss was calculated from the Hupd-range (0.05-1.10 Vvs. RHE) of the plotted CVs.
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Table 7.2.: Electrochemical characterization of catalyst powders with different carbon supports.
Catalyst ORR-activity ECSAact ECSAend ECSA-loss

support in A ·mg−1, in m2 · g−1
Pt , in m2 · g−1

Pt , in %,

LCV HupdCV HupdCV HupdCVVC 0.097 ± 0.023 61.2 ± 0.5 43.9 ± 1.0 28.2 ± 1.7MWCNT 0.133 ± 0.015 74.5 ± 4.2 55.2 ± 2.4 25.9 ± 5.3HSAC 0.168 ± 0.015 91.2 ± 0.0 68.2 ± 0.8 25.2 ± 0.8HCC 0.083 ± 0.001 26.5 ± 1.4 15.5 ± 2.4 41.5 ± 9.6
7.5. Degradation stability studied using in situ SAXS

Particle degradation was studied in situ at a synchrotron facility SLAC. SAXS working pro-cedure and a detailed description of data processing is given in chapter 3.12. From exper-imental scattering curves the information on volume weighted particle size (2 ·Rlc), numberdensity of particles (N0) and the volume fraction of scattering centers (Φ) were extracted.Additionally, according to the expressions introduced in chapter 3.12.5 Lognormal-typeprobability density functions (pdf) were calculated using the estimates from mathematicalfits of SAXS data, namely the mean particle size µ =< R1 >, the corresponding standarddeviation σ and the number density of particles in the probed volume NSASfit = Nobj/V.Here, first the SAXS results for each catalyst will be discussed separately and subse-quently a conclusion will be made on particle size trajectories as a function of carbonmorphology. Furthermore, the contribution of different degradation mechanisms, evidencedfrom the combination of electrochemical and structural investigations, will be discussed inregard to the support’s structure.
Structural dynamics of Pt/VC

Figure 7.7a summarized the SAXS estimates for the PT/VC catalyst as a function ofpotential stress cycles. Particles diameter increased during the AST from 3.4 nm to 5.0 nmwith an initial growth rate of 0.06 nm/100CV. Simultaneously, N0 dropped after 2500 ASTcycles to 30% of the initial value, whereas Φ remained almost constant for the durationof the AST. According to these findings, coalescence was deduced from the experimentaldata. However, the process of Ostwald ripening cannot be excluded.
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Figure 7.7.: Structural dynamics of Pt/VC. a) Evolution of particle diameter (black circles), num-ber density of particles (red triangles) and volume fraction of scattering centers (redsquares). b) Resulting Lognormal-type probability density function of particle sizeswith progress of AST protocol (from black to red).
A closer look on the Lognormal-type pdf (figure 7.7b) indicated a significantly reducedprobability of small particles sizes. The probability for big particle sizes increases also,but not with the same magnitude. These observations suggested that coalescence wasaccompanied by Ostwald ripening, because the probability for big particles was not foundto be proportional to the amount of the small particle loss.
Structural dynamics of Pt/MWCNT

Figure 7.8.: Structural dynamics of Pt/MWCNT. a) Evolution of particle diameter (black circles),number density of particles (red triangles) and volume fraction of scattering centers(red squares). b) Resulting Lognormal-type probability density functions of particlesizes with progress of AST protocol (from black to red).
Figure 7.8a summarized the SAXS estimates for the PT/MWCNT catalyst as a function ofpotential stress cycles. Particles diameter increased during the AST from 3.2 nm to 5.9 nm
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with an initial growth rate of 0.12 nm/100CV, which represented a twice faster growth ofparticles than in the case of Pt/VC catalyst.Simultaneously, N0 dropped after 2500 AST cycles to 10% of the initial value. Comparedto Pt/VC the decrease of particle number was higher, as it could be predicted from thefaster growth rate of particles. However, the degradation of nanoparticles supported onMWCNT was likely to be different from Pt/VC, as indicated by the evolution of Φ. Incontrast to Pt/VC, the volume fraction of Pt/MWCNT did not remain constant for theentire AST duration. After 1000 potential cycles the value decreased to 70%, suggestingparticle dissolution.Consequently, Pt nanoparticles supported on MWCNT predominantly coalesced in the firstinstance. Further catalyst stability was controlled by dissolution of particles. Again, theprocess of Ostwald ripening cannot be excluded for the Pt/MWCNT. Even though particleswere likely to dissolve, the volume weighted size still increased, which indicated Ostwaldripening.The calculation of Lognormal-type pdfs (figure 7.8b) for each recorded step of the ASTand their evolution revealed that small nanoparticles dissolved completely, whereas theprobability of larger particle sizes was not scaled proportionally to the loss of smallparticles.These findings were attributed to the morphology of the carbon, which was representedby "smooth" surface in the case of MWCNT and porous surface in the case of VC. Particlemotion and coalescence on a smooth surface is expected to be higher than on a porous one.Hence, particle growth rate must be higher. Furthermore, particles, which do not coalescedissolve due to the Gibbs-Thomson energy. Pt ions produced by dissolution can diffuseto the electrolyte (smooth carbon) or are caught in the carbon pores (porous carbons).The experimental data for Pt/VC and Pt/MWCNT support these suggestion. Additionalparticle dynamics study on Pt/HSAC and Pt/HCC were performed in order to validate themade conclusions.
Structural dynamics of Pt/HSAC

Figure 7.9a summarized the SAXS estimates for the PT/HSAC catalyst as a function ofpotential stress cycles. Particles diameter increased during the AST from 2.4 nm to 4.2 nmwith an initial growth rate of 0.10 nm/100CV. Simultaneously, N0 dropped after 2500 ASTcycles to 20% of the initial value, whereas Φ remained almost constant for the duration ofthe AST.These findings were very similar to the observation obtained from the durability study of
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Figure 7.9.: Structural dynamics of Pt/HSAC. a) Evolution of particle diameter (black circles), num-ber density of particles (red triangles) and volume fraction of scattering centers (redsquares). b) Resulting Lognormal-type probability density functions of particle sizeswith progress of AST protocol (from black to red).
Pt/VC. The difference was the growth rate of particles. In regard to the conclusions madefor Pt/VC and Pt/MWCNT, coalescence and particle dissolution defined the particlesdynamics. In the case of Pt/HSAC, which represented a porous carbon, dissolution did notdominate at any point of degradation, as deduced from a constant value Φ.However, particles final size after finishing the AST was significantly smaller compared toPt nanoparticles supported on VC, whereas the size estimates of pristine particles were inthe same size range (Pt/VC: 2.5 ± 25% and Pt/HSAC: 2.7 ± 30%) Consequently, the BETsurface area of the carbon support was likely to contribute the particle size trajectories.A closer look on the Lognormal-type pdf (figure 7.9b) evidenced similar evolution of prob-abilities for small and large particle sizes compared to Pt/VC. In agreement to the madesuggestions, that Pt ions produced by dissolution were caught in the pore-cages of thecarbon, it was deduced that the amount and the size of such pores were the limiting factorsfor particle growth. In order to clarify this relationship, the dynamics of electrochemicallytreated Pt/HCC, where the pores were in a defined size range of 3–4 nm, were studied.
Structural dynamics of Pt/HCC

Figure 7.10a summarized the SAXS estimates for the PT/HCC catalyst as a function ofpotential stress cycles. Particles diameter increased during the AST from 2.4 nm to 4.2 nmwith an initial growth rate of 0.06 nm/100CV. Simultaneously, N0 dropped after 2500 ASTcycles to 10% of the initial value. A continuous decrease of Φ to 60% suggested particledissolution.As mentioned above, a combination of coalescence and particle dissolution with a subse-
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Figure 7.10.: Structural dynamics of Pt/HCC. a) Evolution of particle diameter (black circles), num-ber density of particles (red triangles) and volume fraction of scattering centers (redsquares). b) Resulting Lognormal-type probability density functions of particle sizeswith progress of AST protocol (from black to red).
quent redeposition of produced ions (in the cases of porous carbons) was likely to controlthe durability of Pt nanoparticles during electrochemical treatment. Especially in the caseof Pt/HCC the effect of dissolution and redeposition (Ostwald ripenening) was clearly ob-served. Particles dissolved (Φ decreased) and the the ions were caught in the carbon poreswith the defined sizes of 3–4 nm. Exactly this size range was observed as the final size ofPt nanoparticles on HCC. Consequently, the redeposition of ions was limited by the poresize of the carbon support. The calculated pdfs (figure 7.10b) for Pt/HCC pointed out thisrelationship: In contrast to Pt/VC, Pt/MWCNT and Pt/HSAC catalysts, the calculatedpdfs for Pt/HCC evidenced a slight increase of the probabilities of larger particle sizes,but no complete shift of the functions.
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7.6. Proposed degradation mechanisms

It is apparent that due to a different nature of graphite planes orientation of VC, HSAC andHCC (resulting in carbon pores), compared to MWCNT (smooth surface), the influence ofcarbon surface to catalyst degradation mechanisms is suggested to be controlled not solelyby BET surface area, but also by the kind of particle anchoring on the carbon. In case ofMWCNT Pt nanoparticles are located on nearly smooth surface of C-tubes. In contrast, Ptnanoparticles supported on "classically" porous carbons with randomly oriented graphiteplanes the deposition of Pt nanoparticles on the carbon carrier could not be localized. Thestructure of such catalyst supports allowed the Pt particles to deposit during synthesis onthe carbon surface and inside the pores and even inside the hollow cores of HCC.Different particles locations were evidenced from the ECSA estimates. According to lit-erature,25;109–111 ECSA increase resulted by carbon surface area increase was found to bea consequence of particle separation controlleed by the porous structure of the support,as demonstrated in figure 7.4. Especially the determined ECSA of Pt/HCC catalyst sup-port suggested particle deposition inside pores of the carbon particles and resulting goodseparation of particles. However, ECSA values of the Pt/HCC catalyst were determinedto be low. This finding was attributed to the ratio of effectively usable to unusable Ptnanoparticle surface. In the special case of HCC, the carbon morphology consisted mainlyof pores in the size range of 3–4 nm, whereas the ionomer was larger in size. Hence, solelyportions of Pt nanoparticles were available for chemical reactions.Focusing on the corresponding SAXS data a mechanism of particle degradation could beproposed (a scheme is given in figure 7.11). SAXS estimates for particle size increasedrapidly at the beginning (first 1300 AST-CV) and rose slowly with further number ofpotential stress cycles. Besides, number density of particles supported on porous carbons(VC, HSAC, HCC) decreased with similar rates. Combining the size rise and the loss ofparticles amount, coalescence was exhibited as the main degradation mechanism. However,Ostwald ripening was likely to accompany the coalescence process.In regard to a previously reported study by Gruver et al.46 coalescence and Ostwaldripening could be distinguished by the shape of particle size probability density function.The authors could correlate pdf with a tail towards higher particle sizes to coalescenceprocess and a contrary course was attributed to Ostwald ripening driven processes. Thisadvanced approach of steady-state particle size distribution correlated with the coarseningprocess has been used later by Wilson et al.117 and Tada et al.118 in understanding thedegradation of Pt nanoparticles supported on Vulcan. The pdf obtained from experimentalSAXS results tailed towards higher particle values. Besides, the probability density of
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large particles was found to increase slightly, indicating that coalescence was not definingthe particle size trajectories alone. If this was the case, the amount of larger particles wouldhave scaled directly proportionally to the loss of small particles. However, the presenceof Ostwald ripening could not be completely excluded. From the experimental data, it wasonly possible to conclude, that coalescence was not the single mechanism of nanoparticlegrowth.The observed result correlated with previously reported observations by K. More and K.Reeves.32 The authors applied TEM and XRD techniques on Pt/VC catalysts before andafter the usage as FC catalysts. Pt size distributions measured during cycling potential(0.1 – 1.2 V) changed form: A greater tendency to a bimodal distribution was observed. Thecalculated pdf curves did not shift entirely to larger particle sizes, instead the distributionbecame broader, besides, the fraction of small particles remained. Experimental findingspresented here revealed similar pdfs evolutions, except in the case of Pt/MWCNT. Hence,the growth of Pt nanoparticles was best described by a combination of coalescence andPt dissolution/re-precipitation.Additionally, according to figure 7.11, dependence of particle durability on particle sepa-ration reasoned by carbon porosity, which was defined by the BET-surface area estimates,was evidenced. The final size of particles was achieved by the space limitation of thecorresponding pore sizes of the carbon supports. In case of VC and HSAC particles grewto larger diameters, reasoned by a broader distribution of pore-sizes. HCC pores were in

Figure 7.11.: Scheme of degradation mechanism of spherical Pt nanoparticles supported on a)MWCNT with tubular oriented graphite planes and b) porous carbons, such as VC,HSAC, HCC. Portions of particles migrate on the smooth carbon surface and coalesce,accompanied by simultaneous dissolution of other particles. Particles inside the porescoalesce and grow, particles on the outer surface grow or dissolve. Subsequent toachievement of the size limit for encapsulated particles due to the defined pore-sizeof carbon, particles dissolve.
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the size range of 3–4 nm, final nanoparticle size was clearly observed in this range andconsequently attributed to the pore-limitation effect.In contrast, particles supported on MWCNT did not achieve any final size due to absence ofsuch pore-limitation. As reported by Serp et al.119, pores in MWCNT can be mainly dividedinto inner hollow cavities of small diameter (narrowly distributed, mainly 3-6 nm) andaggregated pores (widely distributed, 20-40 nm) formed by interaction of isolated MWNT.Even though the BET-surface area indicated porous structure, the estimate was originatedby intra and inter tubular pores, which meant that Pt nanoparticles were generally notembedded by carbon.However, the degradation of particles did not stop after a final particle size controlled bypore-limitation was reached. (Especially in the case of Pt/HCC catalyst, this evolution wasobserved clearly.) Despite, degradation of catalyst particles (see chapter 1.1) progressedwith the increasing number of potential cycles in terms of dissolution of Pt nanoparti-cles, as indicated by the descending volume fraction curves. As reported in literature, Ptdissolution is a common degradation process.10;15;22 Mayrhofer et al. demonstrated thatwhole Pt particles detached from the support and dissolved into the electrolyte withoutre-deposition.15 Darling et al. presented a theoretical model, which simulated the rela-tionship of onset potential in a PEMFC and its effect on Pt dissolution.22 A summaryof comparable studies was given by Shao-Horn et al.10 Overall, based on previously re-ported results, dissolution of Pt atoms was expected to be the second step of degradationmechanism.However, dissolution of particles was likely to contribute to particle degradation overthe entire potential stress due to the Gibbs-Thomson energy, which could be expectedto be similar for initial particles with comparable sizes. In case of “classically” porousdissolution was not observed directly due to a constant volume fraction curve until thelimiting size of particles was achieved, because formed Pt ions were captured inside thepores. A resulting increase of Pt ion concentration in such “pore-cages” was balanced byredeposition of these ions on the surfaces of particles existing also inside the cage. Thisprocess describes the Ostwald ripening mechanism.
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7.7. Summary

In this chapter the relationship between the catalyst degradation behavior and the structureof a conductive support was investigated. Initially, spherical Pt nanoparticles supported ondifferent carbon carriers with various N-sorption surface areas were characterized ex-situwith TEM, XRD, SAXS and ICP-OES. Pristine powders revealed similar metal contentsand particle sizes, respectively.Next, the electrochemical properties of the observed catalysts were analyzed. Catalyticactivities for the oxygen reduction reaction were estimated using linear sweep voltammetry.Information on particle stability was gained from cyclic voltamogramms in the Hupd-region.For this purpose electrochemical surface area (ECSA) has been calculated assuming acoverage of one H-atom per Pt-atom.An increase of ECSA was observed with an increasing BET-surface area of the carbonsupport. This finding was in agreement with literature.109–112 This relationship was not ob-served for Pt/HCC (the carbon with the higher BET-surface area) and the discrepancy wasattributed to the pore sizes in the range of 3–4 nm. Referring to previously reported stud-ies,112;115;116 these pore sizes were identified to limit catalyst performance by an insufficientPt-ionomer contact.ECSA decrease was independent from the supports structure in the cases of Pt/VC,Pt/MWCNT and Pt/HSAC. For each of these catalysts ESCA loss was estimated in arange of 25-30%. A relationship between the relative ECSA loss and the specific ORRactivity of the catalysts was established. The values suggested, that solely the chemicalconversion rate per area Pt (which is reflected by the specific ORR activity), defined therelative loss of chemically usable nanoparticle area, independently from the total initiallyavailable Pt-ECSA. A discrepant behavior was observed for Pt nanoparticles supportedon HCC (ECSA loss of 41.5%) and, again, the difference was connected to the limita-tions caused by pore sizes of HCC. Overall, ECSA decrease provoked by electrochemicaltreatment of catalysts suggested catalyst degradation. The identification of degradationaffected by the supports structure required further detailed investigations.To better understand catalyst degradation and performance losses, the applied electro-chemical treatment was coupled to in situ structural investigation on particle dynamics viaSAXS. The advanced technique exhibited information on particle size, number density ofparticles and volume fraction of scattering centers in a probed area as functions of po-tential cycles, respectively, and additionally extended the results obtained for the ECSAevolution. Experimental results afforded a study and understanding of degradation directlyassociated with Pt particle parameters (size, number density, volume fraction) as a func-
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tion of the nature and surface area of the C-support. Even though the increasing surfacearea of the carbon limited particle growth, ECSA losses remained similar. Combining theinformation obtained from SAXS and ECSA conclusion on mechanisms were made.First step of catalysts degradation was identified as formation of bigger particles as aresult of coalescence. However, dissolution of particles due to Gibbs-Thomson energywas expected to occur over the entire duration of the AST protocol. The process wasobserved by experimental results only subsequent to coalescence, as it will be discussedbelow. Particle durability was likely controlled by the surface of the support. Experimentalfindings evidenced that porous structure was significantly affecting particle dynamics. Thefinal size of the particles increased with a decreasing BET surface area of the carbon. Ptnanoparticles supported on carbons with randomly distributed graphite sheets (VC, HSACand HCC) specified final particle sizes by the corresponding pore-sizes of carbon. Thisconclusion was also supported by observing the Pt nanoparticles supported on tubularoriented graphite sheets, namely Pt/MWCNT. This type of carbon was characterized tohave a higher BET surface area, however, the origin of such porosity was identified to becompletely different compared to the other observed carbons VC, HSAC and HCC. Hence,final size of Pt nanoparticles was not reached by completing the AST-protocol.Second step of the degradation mechanism was dissolution of Pt, which also was controlledby carbon support characteristics. In case of carbons with "classical" porosity (VC, HSACand HCC) dissolution of Pt started to dominate subsequent to the achievement of finalparticle sizes limited by pore dimension of the support. In case of MWCNT, the supportedPt nanoparticles dissolution of particles was observed constantly during the entire AST-protocol. Regarding the different particle anchoring as on VC, HSAC and HCC, Pt ionsproduced from particles supported on MWCNT were not captured by “pore-cages”. Hence,the volume fraction dropped continuously. In contrast, Pt ions produced by dissolution ofparticles supported on VC, HSAC and HCC were caught. An increase in Pt ion concen-tration inside a pore was likely counterbalanced by redeposition of these ions on particlelocated inside the pores. This Ostwald ripening process turned into pure dissolution aftera limiting particle size affected by the pore size was achieved.In summary, nanoparticle degradation mechanisms were estimated to be dependent on thecarrier structure especially on the origin of porosity. Furthermore, the results encourageda study of support modification in terms of degradation prevention of the electrochemicalcatalyst.



8. Catalyst support functionalization: Stability

enhancement with ionic liquids

8.1. Introduction

Metal nanoparticles (NPs) are a frequently employed catalytically active component of in-dustrial catalysts such as three-way catalysts in catalytic converters, reforming catalystsin refinery processes or electrode catalysts in electrochemical devices. This is becausenanoparticles offer a large catalytically active surface area, which is indispensable forcost- and material efficient product yields. In electrocatalytic electrodes, such as polymerelectrolyte membrane (PEM) fuel cell electrodes or PEM electrolyzer electrodes, highlydispersed metal nanoparticles ensure sufficient electrochemical surface areas (ECSA) andhence viable electrochemical power densities and hydrogen yields, respectively. How-ever, the dispersed nanoparticles show structural instabilities due to their high surfaceenergy.4–10;120Ex situ transmission electron microscopy (TEM) studies6;10;15–17 have evidenced that elec-trocatalytic Pt nanoparticles quickly grow and coarsen; this manifests itself as degradationof cell voltage and loss in the ECSA. The growth rate was found to be dependent on thesurface area of the carbon support with high surface area carbons showing a slower Ptcoarsening rate than low surface area supports (chapter 7).7;8 In parallel to the parti-cle coarsening, carbon supports corrode and degrade due to the high cathodic electrodepotentials. Much has been learned about the molecular scale degradation mechanismsof fuel cell cathodes,10 however, to date, robust and practical material-design strategiesto mitigate the structural degradation of carbon-supported Pt nanoparticle catalysts hasremained scarce.Here, a simple, but very effective strategy to mitigate Pt NP coarsening in supported highsurface area fuel cell electrodes is presented. The study is based on the hypothesis thatsurface heteroatoms, such as nitrogen, mediate the enhancement of platinum adsorptionon the surface of carbon materials and slow down or even suppress its growth and surface
98
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area degradation.121–126Nitrogen doping of carbon electrodes can be achieved via a variety of methods includingpyrolysis and CVD of nitrogen rich precursors and post-synthetic methods like ion bom-bardment or thermal treatment in the presence of reactive nitrogen compounds such asammonia.126Ionic liquids are established precursor compounds in the field of materials chemistry,127–131but just recently they have been applied as precursors for nitrogen-doped carbon.132–137As liquids with negligible vapour pressure, such precursors can be easily processed andtransformed into N-doped carbon materials by simple annealing under inert gas atmo-sphere.134;135 N-doped carbons derived from 3–methyl–N–butyl–pyridinium–dicyanamide(3–MBP–dca) exhibit interesting properties: even at carbonisation temperatures of 1000°Ca high nitrogen content of approx. 10 wt% is observed in the resulting carbon material.The nitrogen atoms are incorporated into the carbon backbone in pyridinic or quater-nary graphitic bonding environments within a structure that is dominated by graphiticmicrodomains. Furthermore, remarkable electric conductivities were reported, reachingthe range of highly ordered graphite.134;135 Thus IL-derived N-doped carbons have beenenvisaged as interesting materials for electrochemical applications.One interesting example has recently been presented using IL-derived N-doped carbon-
Li4Ti5O12 composites as cathode material in lithium ion batteries.138
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8.2. Nitrogen-containing graphites

A study on N-doped carbon reported in literature inspired the investigation of the stabiliz-ing effect of support structure on catalyst particles. To achieve that a carbon support witha high nitrogen content was prepared by pyrolysis using an IL-precursor (3–MBP–dca).Synthesis procedure and characterization of the material, which will be termed here as"‘meso-C"’, are reported elsewhere.139

Figure 8.1.: Electrochemical stability study on Pt nanoparticles supported on high N-containingcarbon. Evolution of the Pt ESCA (inset: normalized ECSA trend) for Pt/meso-C(squares) and Pt/HSAC (circles) during voltage cycling from 0.5 to 1.0 V versus RHEwith 50 mV · s−1 in deaerated 0.1 M HClO4 electrolyte at room temperature. Figureis adapted from literature.113
The most relevant characterization for the presented study is elemental analysis, whichrevealed a Nitrogen content of 14 wt% assembled in the meso-C carbon structure. Ptnanoparticles were deposed on the modified conductive material in order to obtain theinformation on stabilizing effects of the increase of hetero atoms in the particle support.The catalyst powder was tested under potential cycling to determine the electrochemicalstability113 and compared to a commercially available Pt/HSAC catalyst. In this section theinvestigations will focus on the same comparison. Results on particle stabilizing effect ofthe N-doped material will be presented versus the degradation behaviour of the commercial
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benchmark catalyst Pt/HSAC.Figure 8.1 compares the reported ECSA estimates for Pt/HSAC and Pt/meso-C. The resultssuggest a very similar behaviour in terms of ECSA loss. A significant stability enhancementis observed in case of nanoparticles supported on the N-containing carbon after 4000voltage cycles. Hasché et al. conclude a two step degradation mechanism, "where theECSA loss curve can be split into two regimes." In "the earlier stage (up to 4000 voltagecycles) particle growth controls primarily the degradation mechanism while in the laterstage carbon (support) corrosion associated with particle detachment is dominant."113This chapter focuses on the comparison of Pt supported on the N-containing meso-Carbonand Pt/HSAC. Prior to stability study a summary on detailed characterization of thepristine catalysts is given in table 8.1.
Table 8.1.: Summary of experimental characterization of carbon supports multi-walled carbon nan-otubes (MWCNT), and N-doped mesoporous carbon (meso-C) before coating with Ptnanoparticles via N-sorption measurements and after coating via ICP-OES, XRD, SAXS.

Catalyst Surface
area

Pt-loading Crystallite
size

Particle size Poly-
dispersity

support in m2 · g−1, in %wt, in nm, in nm, in %,

from N-sorption ICP-OES XRD SAXS SAXSMWCNT 377 17.2 2.0 ± 0.2 1.8 35meso-C 320139 17.1 1.9 ± 0.1 2.7 35
The commercial benchmark powder was already introduced in chapter 7.2 of this thesis.For a better conspicuity the determined values are adopted and presented together withthe estimates for the Pt/meso-C catalyst. The characterization of the second catalyst ofinterest are reported in literature and accompanied with further structural analysis withSAXS (experimental data is shown in figure A.5 in the appendix A).
8.2.1. Stability study of Pt/meso-C compared to Pt/HSAC

In order to determine the degradation mechanism during the first stage of degradation indetail, as described in the introduction section of this chapter, in situ SAXS experimentswere carried out at the synchrotron facility SLAC. Working electrodes were preparedfollowing the standard procedure described in the experimental section (chapter 3.12).
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Stability study of the Pt/HSAC catalyst was reported in chapter 7.5. For a better visu-alization and comparison of the SAXS results the estimates for particle diameter, numberdensity of particles and the volume fraction of scattering centers are plotted in figure 8.2together with the values for Pt/meso-C.Figure 8.2 summerizes the results obtained from in situ SAXS measurements. The evolutionof particle diameter (fig. 8.2a) as a function of potential stress emphasizes a significantlyenhanced particle stability in case of Pt/meso-C catalyst. Platinum nanoparticles with aninitial size of 2.5 nm grow to 2.7 nm, representing a rise of 8%. At the first glance, anoptimal fuel cell catalyst is represented by supporting Pt nanoparticles on meso-C. A closerlook on the additional parameters determined from SAXS, the number density of particlesand the volume fraction of scattering centers, reveals a more complex correlation to the

Figure 8.2.: Comparison of catalyst degradation of Pt/meso-C (red stars) and Pt/HSAC catalysts(black triangles), during potential cycling derived from SAXS estimates a) diameter, b)normalized number density of particles and c) normalized volume fraction of scatteringcenters) as functions of potential cycles, respectively. Resulting LogNormal probabilitydensity functions for d) Pt/meso-C and e) for Pt/HSAC. Color change indicates theestimates after the activation cycles (black) up to 2500 potential cycles (bright red).
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assumed particle stabilization. Figure 8.2b indicates a loss in particle number density forthe Pt/meso-C catalyst, even though the size of the particles does not change significantlyduring the electrochemical stress regime. A consolidation of the stable particle size anda dramatic loss in particle number density suggests particle dissolution. A more detailedinsight in degradation mechanism can be extracted concerning the contribution of thevolume fraction of scattering centers. The normalized values for Pt nanoparticles supportedon the hetero-atoms containing carbon decreases to 50% with progress of potential stress.Hence, particle dissolution can be assumed for the Pt/meso-C catalyst as the main processof catalyst degradation.Obviously, a certain size of nanoparticles is favoured on a Nitrogen-containing carbonsupport. No indication of significant particle growth was observed via in situ SAXS. How-ever, the electrochemical surface area loss, as observed in literature,113 and the decreaseof particle number density with a simultaneous loss of volume fraction of scattering centerssuggest a continuous particle dissolution.In contrast, particles supported on HSAC grow and coarsen during the whole potentialstress protocol. Initial particle size of 2.5 nm increases to 4.2 nm (fig. 8.7a). This relativeparticle growth of 68% subjects to an extended particle degradation. Whereas the numberdensity of particles for the commercial catalyst decreases dramatically to 20% in respectto the initial value, volume fraction of scattering centers remains almost constant. Referedto the particle size increase, a counterbalanced number density decrease and a constantvolume fraction, catalyst degradation mainly affected by particle growth is deduced, asdiscussed more in detail in chapter 7.To emphasise the role of modification of the carrier’s nature, the LogNormal-type proba-bility density functions (pdf) were calculated using SAXS estimates (details on calculationare given in the chapter 3.12.5). Figure 8.2d presents the pdf for the Pt/meso-C catalyst,part e) for the benchmark catalyst Pt/HSAC. A distinct evolution of pdf is revealed for thecompared catalysts. The pdf of the commercial catalyst Pt/HSAC shifts towards higherparticle size values with increasing number of cycles. In contrast, no change in pdf modeis indicated in case of Pt/meso-C.
8.3. Nitrogen-doped coatings on MWCNT

The method used throughout this part of study does, in contrast, not change the backboneof the material itself, but applies a thin coating of N–doped carbon on the surface of theelectrocatalyst support via a post–synthetic method (figure 8.3).
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Figure 8.3.: Schematic overview on synthesis strategy of Pt nanoparticles supported on N-C coatedMWCNT.
On the one hand, this allows for the use of cheap and widely available bulk carbons ashost material and on the other hand offers the possibility of a more direct comparison ofdoped and non-doped catalyst supports. Herein it is shown that by this method, growthand coarsening of Pt nanoparticles during electrochemical potential cycling are largelysuppressed. Furthermore, it is shown that the presence of N-C coatings does not compro-mise the electrocatalytic activity of Pt nanoparticles. The N-C coatings were formed fromionic liquid precursors, which can wet the surface of the pristine carbon support and sub-sequently be pyrolyzed into nitrogen-rich carbon coatings. Particle growth on the pristineand N–C coated carbons was monitored using time–resolved in situ SAXS,101;106 a non–invasive powerful, yet rarely used method, to monitor growth trajectories of electrocatalyticparticles in real time.Thus to exploit the favourable properties of IL derived carbons in a most economical way,it was envisaged to prepare just thin coatings of the IL derived carbons on a convenientbulk carbon material. Such a coating also offers the opportunity to combine the propertiesof the IL derived carbon with the ones of the host.In this study the IL 3–MBP–dca was used to prepare a N–doped carbon (N-C) coatingon the walls of carbon nanotubes (MWCNTs).134;135 MWCNTs have been selected as ahost, as their defined morphology allows for a good control of the homogeneity of thecoating. Furthermore a preferable interaction of MWCNTs with ILs is known from the recentliterature.140 It should be however noted that in principle all other forms of carbons, like
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activated charcoal, should be as well feasible as host materials. Prior to the application ofthe N–doped carbon coatings, the MWCNT supports were surface oxidised using sulfuricacid in order to increase the number of polar end groups. This served to even furtherenhance the interaction between the polar ILs with the MWCNT surface. IL precursorconcentrations were carefully adjusted to enable a homogeneous coating and to minimizeany intertubular residues.
8.3.1. Support characterization

An optimized 30 mol% of 3MBP–dca in water was applied in the wetting of the MWCNTsand subsequent formation of an N-doped carbon layer by thermal treatment under inertgas at 1000°C. Higher concentrations of ILs or even pure ILs led to strong intertubularbulk carbon contributions, while lower concentrations did not yield sufficiently and homo-geneously coated materials. The resulting composite material (henceforth referred to as"N–MWCNT") was analyzed by means of transmission electron microscopy (TEM), X-rayphotoelectron spectroscopy (XPS) and nitrogen sorption. Nitrogen sorption isotherms (see

Figure 8.4.: a) Transmission electron micrographs of N–MWCNTs with a chemical formula of the IL–coating precursor. b) XP survey spectrum of coated nanotubes with a highly resolvedN1s spectrum. c) Nitrogen–sorption isotherms of raw MWCNT and N–C functionalisedMWCNT in comparison.
Fig. 8.4c) reveal a decrease of the surface area upon hydroxylation of the CNTs, probablydue to increased intertubular interactions. In N–MWCNTs this effect is no longer observeddue to the N–C modified MWCNT surfaces. The micrograph in Fig. 8.4a further evidencesno significant amounts of excess intertubular bulk residue. A similarly heat treated non–modified CNTs material, henceforth referred to as MWCNT, were used as a benchmarksupport in this study.The XPS survey scan in Fig. 8.4b shows peaks for C, O and N with concentrations of 97,2 and 1 at.%, respectively. The spectral parameters are shown in table 8.2.
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Table 8.2.: Peak fit parameter of the N1s detail spectrum in inset of figure 8.4c.

Peakname Graphitic N Pyridinic N ox. N-species

Gaussian width / eV 2.1 2.1 2.1
Lorentzian width / eV 0.35 0.35 0.35Asymmetry α 0.09 - -Binding energy / eV 401.1 398.7 404.0Relative amount / % 61.8 35.7 2.5Total amount / at-% 0.6 0.4 -

The nitrogen content may seem small at first glance. Nevertheless it has to be consideredthat a coating of carbon doped with ca. 10 wt% N has been applied on a carbon surface;thus higher N-contents can hardly be expected. High resolution analysis of the N1s regionshows three components with binding energies of 398.7 eV, 401.1 eV and 404.0 eV and withrelative N–intensities of 35.7, 61.8 and 2.5%. Based on a previous study134 it was possibleto identify these three components as pyridinic, graphitic and oxidised N-species. Thehigh resolution C1s region shows two loss- and the sp2- and sp3-carbon peaks, as theyare typical for MWCNTs. Additionally there were three component peaks with additionalcomponents with binding energies of 286.8 eV, 287.9 eV and 288 eV. A specific assignmentto functional groups, however, was not possible, because oxygen and nitrogen-containinggroups lead to very similar chemical shifts in that region.
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8.3.2. Characterization of the pristine catalyst powders Pt/MWCNT and

Pt/N-MWCNT

To study the effect of N-doped interlayers on the electrochemically induced growth andsurface area degradation of catalytic NPs, Pt nanoparticles were deposited104;141 on thebenchmark MWCNTs as well as on the N–MWCNTs support materials. Particle growthtrajectories were measured in situ using SAXS. SAXS offers a time resolved analysisof the particle size distribution, characterized by the mean diameter and dispersion, thenumber density and the volume fraction of scattering centers.79 Fig. 8.5a shows the highresolution TEM images of the as–prepared Pt–NP supported on the uncoated MWCNTs.The particles are homogeneously distributed on the support; a mean particle size of 1.4 nmwas obtained from the log-normal distribution of the particle size resulting from counting200 particles on TEM images (Fig. 8.5b).Probing a much larger particle population than TEM, SAXS provides statistically morereliable size information. Fig. 8.5c shows the background-corrected scattering curve ofthe pristine powder and its fit using a spherical particle form factor. The inset presentsthe corresponding particle size distribution (psd). The psd is characterized by a narrowdistribution of smaller (∼ 1.8 nm) particles. A similar analysis for the as-prepared Pt–NP supported on the N–MWCNTs is shown in Fig. 8.5d, e and f. The TEM derivedmean particle size of the NPs was 1.6 nm, while SAXS data suggested a bimodal sizedistribution clustering around 2.6 nm and 5.8 nm.The crystallinity of the supported particles was probed by x–ray diffraction (Fig. 8.5d and8.5h). Crystallite mean size analyses (2.1 nm for Pt–NPs on MWCNTs and 2.8 nm forPt–NPs on N–MWCNTs) are reasonably consistent with TEM and SAXS-derived values.
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Figure 8.5.: High resolution TEM images of a) 17 wt% Pt/(unmodified) MWCNTs and e) a 17 wt%Pt/N-MWCNTs catalysts. b) and f) show the TEM based size histograms together witha log-normal fit. Histograms were based on 200 particles. c) and g) show experimentalSAXS profiles with a log-normal fit for the 17 wt% Pt/MWCNTs and the 17 wt%Pt/N–MWCNTs, respectively. Insets in c) and g) show the extracted particle sizedistributions plotted on two separate y scales in case of Pt/N-MWCNT catalyst. d)and h) show the corresponding XRD patterns for the catalysts.
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8.3.3. Stability study of the catalysts under electrochemical cycling

Finally, the as-prepared MWCNT and N-MWCNT supported PtNPs powder catalystswere used to prepare a liquid catalyst ink suspension, cast into a thin catalyst electrodefilm and subsequently subjected to an electrochemical voltage cycling protocol to evaluatedifferences in the stability of the two nanoparticle catalystsupport couples. Emphasiswas placed on the evolution of the mean particle size, the ECSA and the Pt-mass basedcatalytic activity for the oxygen reduction reaction (ORR) to water. This reaction occursat fuel cell cathodes, the electrode potential of which can vary between 0.5 V and 1.5 Vversus the hydrogen anode depending on the fuel cell operating conditions.6Linear sweep voltammetry (Fig. 8.6a and 8.6d) revealed Pt-mass based activities of0.127 A ·mg−1 for Pt-NPs supported on MWCNTs and 0.123 A · mg−1 for Pt-NPs onN–MWCNTs, which are in agreement with those of commercial carbon-supported Pt elec-trocatalysts (see table 7.2). This shows that the NC coatings had no significantly detri-mental effect on the electrocatalytic ORR activity. Cyclic voltammetry (CV) (Fig. 8.6b and8.6e) of catalyst electrode films in a degassed electrolyte yielded time-resolved ECSA tra-jectories shown in Fig. 8.7a and d. The ECSA loss is a macroscopic descriptor for the totalcatalytically active surface area and is affected by a large number of different factors, suchas particle dispersion, support structure, and the accessibility of particles on the supportsurface. With initial ECSA values in the 50 - 60 m2 · g−1 range,7;8 both catalysts showedsimilar ECSA losses over the 2400 potential cycles of 33% for the uncoated MWCNT andsomewhat reduced 27% for the N-MWCNT supported particles.To test our hypothesis of decreased particle coarsening on N-MWCNT supports, we per-formed in situ SAXS measurements monitoring particle size changes during voltage cycling.Background-corrected scattering I(q) curves of Pt–NPs on WMCNTs and N–MWCNTs aregiven in Fig. 8.6c and 8.6f, respectively. Shifts of the decreasing portions of the scat-tering profiles towards smaller q values over time, seen in Fig. 8.6c, evidence particlecoarsening.101;142Using the I(q) data, time-resolved particle size distributions, time trajectories of correlationlength particle diameters (2·Rlc) and normalized number densities of scattering centers (N0)were extracted and compared for the MWCNT and N-MWCNT supports (see Fig. 8.7b, c,e, and f, respectively).
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Figure 8.6.: LSV for specific activity calculation (O2-saturated 0.1 M HClO4, 0.06 - 1.02 V,5 mV · s−1), CVs for Hupd calculation (N2-saturated 0.1 M HClO4, 0.05 - 1.10 V, 50
mV · s−1) and in-situ monitored SAXS curves for 20 wt% Pt on MWCNTs (a, b and c)and for 17 wt% Pt on N-MWCNTs (d, e and f). Evolution of scattering curves is givenby color change from black (after activation) to red (after 2500 CVs).

Pt-NP number density normalized diameters on unmodified MWCNTs rapidly increasedfrom 3.2 nm to about 6.0 nm during the voltage cycling test. Simultaneously the normalizednumber density of particles decreased dramatically by about 90%, suggesting a reductionin the number of particles due to coarsening. The normalized volume fraction of scatteringcenters in the probed area of the Pt/MWCNT catalyst reveals a constant curve progression



8. Catalyst support functionalization: Stability enhancement with ionic liquids 111
up to 1000 voltage cycles and a subsequent decrease to 70% of the initial value. Theprobability density function (8.7c) of the nanoparticles supported on unmodified carbonshows a continuous shift towards higher particle sizes and a descent evolution of the modeof the distribution.The time trajectories of the N-MWCNT supported nanoparticles offer a strong contrast tothose supported on the unmodified MWCNT. The mean particle size increased from 3.2 nmto only 3.9 nm, a mere 22% growth compared to the 88% growth of the MWCNT-supported

Figure 8.7.: Stability study on Pt/MWCNT (a, b, c) and Pt/N–MWCNT catalysts (d, e, f ). a,d) Experimental active surface area (ECSA); b, e) in situ particle diameter change(black circles), normalized number density of particles (hollow triangles) and normal-ized volume fraction of scattering centers (red squares) during potential cycling. c, f )Calculated LogNormal distribution functions.
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particles. Also, rather than a steep exponential drop, the particle number density exhibiteda gradual decrease by only 30%. The behaviour of the volume fraction is comparable tothat observed for the benchmark catalyts Pt/MWCNT. In the initial stage (0-1000 cycles)the volume fraction remains nearly unchanged and then drops to 70%. The size distributionfunction remains nearly unchanged during the potential protocol (Fig. 8.7f) in contrast tothe distribution determined for Pt/MWCNT catalyst (8.7c).
8.4. Conclusions

Particle stabilization with N-modified graphites

This study was focused on optimizing the stability of Pt nanoparticles by modification thesupport structure. In the previous chapter a relationship between the support character-istics in terms of its BET surface area and the durability of the supported nanoparticlesduring potential cycling was exhibited. Thus, a dependency of durability of nanoparticleson support structure provoked a detailed investigation of particle trajectories on a carbonsupport with a modified backbone. Inspired by a study of Hasché et al.113, that comparedthe electrochemical stability of a commercial benchmark catalyst Pt/HSAC with a catalystconsisting of Pt nanoparticles supported on Nitrogen-modified carbon derived from pyrol-ysis of an ionic liquid, the particle trajectories for the two catalysts were investigated insitu with SAXS.Supported by the evolution of particle diameter as a function of potential cycles a distinctstabilizing effect was observed for Pt/meso-C. However, beyond a significantly reducedparticle growth and a suppressed particle number density loss compared to Pt/HSAC,corresponding estimates for the volume fraction of scattering centers indicate a pronouncedparticle dissolution on the meso-C carbon. Referring to a similar electrochemical surfacearea loss113 of Pt nanoparticles supported on an unmodified graphite (HSAC) and on N-containing carbon (meso-C) the hypothesis of catalyst degradation prevention was notconfirmed.It was apparent that an advanced concept of a support modification strategy is needed forstability improvement of an electrochemical fuel cell catalyst. Hence, the results shiftedthe focus towards an extended application of heteroatoms containing supports.
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Particle stabilization with N-doped carbon coatings on MWCNT

The advanced approach of support modification in terms of implementation of N-atoms intocarbon structure was consisted of the synthesis of N-doped carbon coatings on MWCNT.The observed evolution of the SAXS-derived structural parameters of the Pt nanoparticlesstrongly suggested that, owing to its IL pyrolysis coating, the N-MWCNT support pro-vided an improved structural stability of a Pt particle ensemble and reduced Pt particlecoarsening during potential cycling.Based on the measured ECSA values, a mere increase in the surface area of the N-MWCNTsupport could be excluded as the origin of the stabilization. For the given initial particlediameters, the observed ECSA losses of about 30% appeared to be poorly correlated withparticle growth, and rather controlled by structure of the catalyst and the support as wellas the interaction with the electrolyte, respectively. The pyrolysis of ILs is known toform pyridinic, pyrrolic, and other nitrogen containing functional surface sites, often atgraphene sheet edges.143–147 A stabilizing interaction between such nitrogen-containingsurface regions and small Pt nanoparticles could be the explanation for reduced migrationand coalescence.
On the general effect of Nitrogen

A durability controlling parameter was identified by the performed studies of nanoparticlessupported on with heteroatoms modified carbons: The results suggest a strong interactionof the heteroatoms contained in the modified carbon with Platinum, indicated by a finitesize of particles achieved irrespected to the progress of potential cycling. According to theprevious study discussed in chapter 7, the BET surface area of the carbon support controlsthe mechanism of particle degradation, as shown in 7.11. Referring to the proposed twostep mechanism consisting of coalescence and dissolution, the concept could be adopted forparticles supported on "classicaly" porous N-graphite (meso-C) and on “smooth” surface oftubular oriented graphite planes of the N-carbon coated carbon nanotubes (N-MWCNT).Despite the anticipated particle growth, a stable final nanoparticle size around 3–4 nmwas estimated, which led to the conclusion that pore-size limitation is not valid for thecatalysts doped with heteroatoms.As shown in figure 8.8 N-containing domains immobilized particles, inhibited migrationof particles and consequently prevented coalescence. This conclusions were supportedby the fact, that these observations were revealed for particles supported on "classicaly"porous N-graphite (meso-C) and on "smooth" N-MWCNTs. Furthermore, the hypothesis
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Figure 8.8.: Effect of nitrogen in the carbon structure on particle size trajectories for Pt nanopar-ticles supported on a) N-CNT and b) meso-C. Immobilization of particles by N-containing domains inhibit migration of particles and consequently prevents coales-cence.
that particle dissolved on each carbon support irrespective to the BET surface area, solelydriven by the Gibbs-Thomson energy, was supported by particle degradation study onN-containing grpahites. Dissolution process was observed as a dominant mechanism fromthe beginning of the AST cycles in the case of Pt/meso-C. In contrast to Pt/HSAC, wherecoalescence dominated and dissolution was balanced by ion redeposition, particles onN-carbon were immobilized and a stable particle size prevented redeposition of Pt ions.Hence, smaller particles dissolved completely. In the case of Pt/N-MWCNT dissolutionprocess remained comparable to Pt/MWCNT (similar Φ decreae). Obviously, in the case ofN-containing carbon particle migration and a subsequent coalescence were suppressed byimmobilization of the nanoparticles, which was also indicated by a suppressed N0 decayrate for Pt/N-MWCNT.



9. Summary and outlook

This thesis is about improved understanding of PEMFC catalyst stability. The overallobjective was to determine the PEMFC-catalyst performance and stability controllingparameters to obtain better understanding of nanoparticle stability on a fundamental level.To achieve this objective the following subjects were studied and discussed:
1. Sensitivity of catalyst activity and stability on nanoparticle shape was investigated.Spherical and cuboid shaped Pt nanoparticles with comparable sizes were synthe-sized and supported on the same carbon carrier Vulcan XC72 R (VC). Subsequentto the characterization of the pristine powder, catalysts were electrochemically ana-lyzed to reveal information about activity and stability during an accelerating stresstest (AST) protocol.A significantly higher catalyst ORR mass activity was observed for spherical parti-cles in comparison to cuboid nanoparticles. Referring to literature, this observationwas attributed to the ratio of (100) and (111) crystal facets, which is significantlydifferent for spherical and cuboid particles with comparable dimensions. Stabilitythe catalyst samples,however, was very similar, as judged by the comparable decaysof the respective normalized ECSA curves.In situ SAXS measurements supported these experimental findings. Stability ofnanoparticles was found not to be influenced by particles shape. From particle sizetrajectories it was concluded, that the strategy of changing the particle shape isnot significant in terms of fuel cell catalyst optimization, if the particles dimensionsare 4–5 nm. Regarding a higher ORR mass activity of spherical Pt nanoparticles,further investigations were focused on similarly shaped particles. Hence, all follow-ing experiments were performed using catalysts consisting of spherical nanoparticlessupported on conductive carbons.2. Further investigations were performed on 4–5 nm diameter spherical catalyst nanopar-ticles with modified elemental compositions. Several studies reported in literaturehave evidenced that bimetallic alloys of Pt, especially PtNi, are a promising class of
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fuel cell catalysts due to their enhanced ORR activities. Indeed, experimental inves-tigations of PtxNi1−x (0.14 ≤ x ≤ 0.86) alloys with various elemental compositionsreflected these findings. Electrochemical measurements pointed out that PtNi3 and
PtNi6-type alloy nanoparticles exhibited increasing ORR activity during the appliedpotential stress protocol.This activity enhancement was found to be higher with diminishing the Ni contentin the alloy composition. The precise atomic scale structure of such nanoalloysis still poorly understood. Here a study of alloy nanoparticle catalysts using twopreviously rarely applied, yet statistically representative x-ray scattering techniqueswas presented.The morphological, chemical and atomic-scale structural evolution of two alloy fuelcell catalysts during electrochemical treatment was investigated with in situ and exsitu x-ray diffraction/scattering techniques.The results obtained here gave a clearer picture of how the nanoparticles evolveunder electrochemical treatment: According to experimental findings the Pt atoms ina PtNi6 catalyst were more or less uniformly distributed in a matrix of Ni atoms. Asa result of potential cycling, Ni-atoms leach out accompanied with some coarseningof nanoparticles, resulting in a structure of an ordered PtNi3 type. Resulting singlephase PtNi3 particles showed increased activity compared to the initial PtNi6 alloycatalyst. Electrochemical treatment of a homogeneous alloy PtNi3 catalyst producesPtNi-core / Pt-shell particles, where the geometric lattice strain effect on surfacePt atoms are likely to contribute to the catalytic activity enhancement. Additionalcatalyst performance leading parameters, which affect increasing ORR activity ofelectrochemically treated alloy nanoparticle fuel cell catalysts, were investigated.It was shown that the change of elemental composition of a catalyst must take intoaccount the ordering of atoms in the catalyst’s structure The transition between adisordered and ordered structures need to be taken into consideration in the under-standing of non-noble metal rich alloyed/dealloyed particles. The results provideddetailed insights into intra particle atomic structure and aimed to a controlled tailormade catalyst synthesis.3. In the next chapter the relationship between the catalyst degradation behaviorand the structure of a conductive support was investigated. Initially, spherical Ptnanoparticles supported on different carbon carriers (VC, MWCNT, HSAC and HCC)with various N-sorption surface areas were structurally characterized. The BET-
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results, (obtained from nitrogen-sorption measurments), evidenced a carbon surfacearea trend: VC < MWCNT < HSAC < HCC. Comparable nanoparticle sizes ensureda competitive study of catalyst durability as a function of the nature of the carbonsupports and their surface area.Next, the electrochemical properties of the catalysts were analyzed. ORR activi-ties correlated largely with the BET-trend: Pt/VC < Pt/MWCNT < Pt/HSAC. Thediscrepancy in the case of Pt/HCC was attributed to the sizes of the carbon-pores(3–4 nm). Previously reported investigation evidenced that these pore sizes limitedcatalyst performance by an insufficient Pt-ionomer contact.ECSA estimates reflected the same trend in terms of value increase with increaseof carbons BET surface area. Consistent with ORR activity estimates, ECSA valuesof Pt/HCC differed from other catalysts. Again, this observation was attributed toinsufficient Pt-ionomer contact. The identification of degradation affected by thesupporting structure required further detailed investigations. Combining the infor-mation obtained from SAXS and ECSA conclusions on degradation mechanisms weremade. In summary, the degradation mechanism consisted of the following processes:• Particles dissolved due to their Gibbs-Thomson energy. The contribution of dis-solution to particle degradation was depending on carbon structure/porosity. Ptsupported on “smooth” MWCNT showed a constant volume fraction loss, indi-cating a constant dissolution of particles. Pt supported on “classically” porouscarbons (VC, HSAC, HCC) were likely to dissolve, but the formed ions werecaptured inside the pores. A resulting increase of Pt-ions concentration wascompensated by redeposition of ions on surface of particles located inside thepore-cages. Hence, no significant indication for dissolution was experimentallymonitored in the cases of carbons with large pore sizes (VC, HSAC). The poresizes of the carbon were found to limit the final size of the supported nanopar-ticles. Especially, the catalyst with well defined carbon-pore sizes (Pt/HCC)evidenced that the final size of the nanoparticles was controlled by the dimen-sions of pores. Subsequent to achievement of the final limited particle size,the dissolution of particles was not longer balanced by re-deposition of ions onparticle surfaces. Consequently, experimental data exhibited a significant lossof the volume fraction of scattering centers.• Particles coalesced and the rate was found to depend on carbons structure/-porosity. Growth rate of particles indicated that on “smooth” carbon surfacethe mobility of particles was higher than on porous carbons reasoned by dif-
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ferent degree of particle anchoring on the carbon’s surface. Furthermore, adependency of coalescence rate on BET surface area of porous carbons wasextracted: A suppressed particle growth with increasing surface area of car-bon evidenced a slower particle migration affected by longer pathways. Thefinal size of coalesced particles was found to be controlled by the pore sizes ofcarbon.4. The final study was focused on optimizing the stability of Pt nanoparticles by mod-ification of the support structure. Here, the conclusions obtained from investigationof the effect of carbon morphology were adapted.First part of the study aimed to modify the nature of anchoring nanoparticles onthe carbon surface. To achieve this, a hetero atoms containing carbon support wasselected. According to literature, the embedding of N-atoms in graphene edges washypothesized to enhance Pt-support interactions. As a result of this, Pt nanoparticleswere immobilized. Consequently particle growth due to coalescence was prevented.A previously reported study on comparison of Pt/HSAC and Pt supported on aN-containing carbon (Pt/meso-C) revealed similar electrocatalytic properties of thecatalysts. Electrochemical testing suggested a two step mechanism, where initiallycatalyst degradation was controlled by particle growth and after a certain numberof AST cycles by carbon corrosion.In order to specify the degradation mechanism, particle size trajectories were ob-served with structural analysis. A stabilizing effect of nitrogen in terms of particleimmobilization was deduced from in situ SAXS experiments. In regard to the pre-liminary evidenced particle degradation mechanism dependence on carbon structureit was hypothesized that coalescence of particles was suppressed by immobilization.An accompanying study of particles supported on nitrogen containing graphite withtubular oriented graphite planes (Pt/N-MWCNT) revealed similar results. Comparedto Pt nanoparticles supported on conventional MWCNT, the electrochemical perfor-mance was found to be equivalent. Particle trajectories probed with in situ SAXSpointed out a suppressed coalescence process.In general, the effect of nitrogen in the carbon backbone can be summarized as fol-lows: N-containing domains immobilized the nanoparticles, inhibited migration ofparticles and consequently prevented coalescence. This conclusions were supportedby the fact, that these observations were revealed for particles supported on "clas-sically" porous N-graphite (meso-C) and on "smooth" N-MWCNTs. Furthermore, the
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hypothesis that particle dissolved on each carbon support irrespective to the BETsurface area, solely driven by the Gibbs-Thomson energy, was supported by particledegradation study on N-containing graphites. Dissolution process was observed as adominant mechanism from the beginning of the AST cycles in the case of Pt/meso-C.In contrast to Pt/HSAC, where coalescence was clearly observed and dissolution wasbalanced by ion redeposition (resulting in Ostwald ripening driven particle growth),particles on N-carbon were immobilized and a stabilizing particle size prevented re-deposition of Pt ions. Hence, smaller particles dissolved completely, resulting ECSAloss. In the case of Pt/N-MWCNT dissolution remained comparable to Pt/MWCNT(similar Φ decrease). Obviously coalescence was suppressed, indicated by a sup-pressed N0 decay rate for Pt/N-MWCNT.

Outlook

In regard to all studies performed in this thesis, a deeper insight in Pt and Pt-alloy FCcatalyst degradation was obtained. Overall, the main objective was achieved and severalcontrolling parameters of fuel cell catalyst performances were identified. According tothe obtained knowledge, the most promising strategy in further research concentrating onPEMFC catalyst optimization would be:
• The usage of spherical nanoparticles for higher ORR activities in non-adsorbingelectrolytes.
• The application of Pt-alloy catalyst nanoparticles with a defined, stable crystalstructures, which guarantees an optimized atom-arrangement, in order to enhanceORR activity and minimize the amount of the scarce Pt.
• Advancing the approach of support modification for particle stability enhancement.A combination of a heteroatom embedding in the carbon structure, which suppressesparticle dissolution, with N-containing carbon materials, which suppress particlemigration, would further improve the stability of a FC catalyst. Further studies on afundamental level are required to identify such additional component. Additionally,the stabilizing effect of such additional component needs to be proven by an in situinvestigation of particle trajectories.
• A combination of cost reducing Pt-alloys with stability improving support materialswould make a substantive step towards the goal of FC catalyst stabilization.
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A. Appendix

Table A.1.: Summary on used Pt-solutions for a standard calibration of the ICP-OES.
Desired molality Pt-standard Water Resultig molality

Units mgPt/kgH2O mg g mgPt/kgH2OBlank 0 0 10 0Standard 1 2.0 20 9.980 1.936Standard 2 4.5 45 9.955 4.376Standard 3 7.0 70 9.930 6.810Standard 4 10.0 100 9.900 9.759
Table A.2.: Example of weight-percentage determination of an ICP-OES sample, which was dilutedto two different molalities before IPC-OES measurements.

Variable Unit Sample 1 Sample 2

PtICP mgPt/kgH2O 8.1 14.9
mpowder mg 6.0 6.0

mini mg 13986.0 13986.0
msolvent mg 13980.0 13980.0

Mdigestion mg/kg 429.2 429.2
mdigestion mg 1350 2500
amWater mg 15000 15000

alidigestion mg/kg 38.6 71.5
wt%Pt % 20.97 20.83
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Figure A.1.: Comparison of catalyst degradation in N2 (squares) and air (triangles) saturated elec-trolyte by absolute (black) and normalized ECSA (red) as a function of potential cyclesfor a) benchmark catalyst 21% Pt/VC and b) synthesized catalyst 17% Pt/MWCNT.

Figure A.2.: Characterization via XRD of pristine spherical and cuboid Pt nanoparticles supportedon VC, respectively.
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Figure A.3.: Cyclic and Linear Sweep voltammograms for a) and c) PtNi6 and b) and d) PtNi3,respectively.

Figure A.4.: X-ray fluorescence analytics of a) catalyst with the initial elemental composition of
PtNi6 and b) catalyst with the initial elemental composition PtNi3.
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Figure A.5.: Experimental SAXS curve (black dots) with a corresponding fit (red line) for a pristinePt/meso-C catalyst. Inset shows the resulting LogNormal particle size probabilitydensity function.
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Scripts

To apply the script it is necessary to treat the files in the following way: The original.mpr-files must be exported as ASCII-files in the EC_Lab Software (Experiment→Export astext). The resulting .mpt-files must be imported via drag-and-drop into the origin-software,using an import-filter, which has to be written in the Origin software (detailed descriptionis given in the appendix A). The procedure is listed in the following graphs below. Afterfinishing creating the filter the option for automatic execution has to be disabled. Toachieve that choose the "‘Tools"’ toolbar and select "‘Import Filter Manager"’ to disable theoption (last 2 graphs in the procedure below). To start the LSV script it must be accessedvia the command window in Origin.
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ECLabv4.ogs

win -a %H;

//%F ist nötig für die Hupd-Berechnung; %O für die Loop-Trennung

%F=%H;
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renameBook$=%E;

renameBook$=renamebook.right(8)$;

renameBook$=renamebook.left(5)$

page.label$=renameBook$;

nrows=wks.nrows;

getn

(Scanrate in mV/s) sr

(Ref-Potential vs RHE in mV) rf

(V für Baseline in mV) ca

(welchen Cycle Für weitere Rechnung?) cv

(Oberfläche Elektrode in cm2 :) ele

(die Nötigen Parameter für Hupd bitte eingeben);

getyesno "sollen Loops aufgeteilt werden?" looppos;

if(looppos==1){run.section(%yScripte\ECLab_v4.ogs, Loop_separate)};

if(looppos==0){run.section(%yScripte\ECLab_v4.ogs, noLoop)};

[Loop_separate]

//%F ist nötig für die Hupd-Berechnung; %O für die Loop-Trennung

%O=%E;

for (ii = 1; ii<=nrows; ii++)

{if (Cell(ii,1)$ ==--) break;}

{if (Cell(ii,1)$ ==--) aa=$(ii);}

wrcopy iw:=%O! r1:=1 r2:=aa ow:=Loops!;

wrcopy iw:=%O! r1:=aa+2 r2:=nrows ow:=allData!;

col(1)[L]$=mode#;

col(2)[L]$=ox/red;

col(3)[L]$=error;

col(4)[L]$=control;

col(5)[L]$=changes;

col(6)[L]$=counter inc.;

col(7)[L]$=time;
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col(7)[U]$=s;

col(8)[L]$=Ewe;

col(8)[U]$=V;

col(9)[L]$=<I>;

col(9)[U]$=mA;

col(10)[L]$=cycle#;

page.active$=Loops;

loop(ii,1,aa)

{start$(ii)=wcol(6)[ii]+1;end$(ii)=wcol(8)[ii]+1;}

page.active$=alldata;

repeat 6{delete col(1)};

//damit die richtige Anzahl der Loops entsteht,

//denn aa beinhaltet auch die Leerzeile

aa=aa-1;

nrows=wks.nrows;

loop(ii,1,aa)

{wrcopy iw:=[%H]alldata! r1:=start$(ii) r2:=end$(ii) ow:=Loop$(ii)!;

col(1)[L]$=time;

col(1)[U]$=s;

col(2)[L]$=Ewe;

col(2)[U]$=V;

col(3)[L]$=<I>;

col(3)[U]$=mA;

col(4)[L]$=cycle#;

wks.col2.type=4;}

getyesno "Soll Hupd bestimmt werden?" antw;

if(antw==1){run.section(%yScripte\ECLab_v4.ogs, Hupd)};

[Hupd]

for(li=1; li <=aa; li++)

{page.active$=Loop$(li);
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//kopiere die Daten und erstelle gleichzeitig die passenden Sheets:

//Wo beginnen die einzellnen Cycles?

//curve eins im bereich a1 bis e1

a1=1;

for (ii = 2; ii<=wks.nrows; ii++)

{if (Cell(ii,4) ==cell($(ii-1),4)) test=1; else break;}

{if (test ==1) a2=$(ii)};

e1=a2-1;

//curve eins im bereich a2 bis e2

for (ii = a2+1; ii<=wks.nrows; ii++)

{if (Cell(ii,4) ==cell($(ii-1),4)) test=1; else break;}

{if (test ==1) a3=$(ii)};

e2=a3-1;

//curve eins im bereich a3 bis e3

for (ii = a3+1; ii<=wks.nrows; ii++)

{if (Cell(ii,4) ==cell($(ii-1),4)) test=1; else break;}

{if (test ==1) e3=$(ii-1)};

newbook Loop$(li) sheet:=0;

wrcopy iw:=[%F]Loop$(li)! r1:=a1 r2:=e1 ow:=curve1!;

wrcopy iw:=[%F]Loop$(li)! r1:=a2 r2:=e2 ow:=curve2!;

wrcopy iw:=[%F]Loop$(li)! r1:=a3 r2:=e3 ow:=curve3!;

win -r %H Loop$(li);

doc -e LW

{col(1)[L]$=time;

col(1)[U]$=s;

col(2)[L]$=Ewe;

col(2)[U]$=V;

col(3)[L]$=<I>;

col(3)[U]$=mA;

col(4)[L]$=cycle#;

wks.col2.type=4;}

run.section(%yScripte\ECLab_v4.ogs, umrechnen);

//hier kommt die Berechnung:
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run.section(%yScripte\ECLab_v4.ogs, integration);

ECSA$(li)=cell(1,2);

win -a %F;}

run.section(%yScripte\ECLab_v4.ogs, new);

[new]

newbook ECSA;

wks.ncols=4;

if(looppos==1)

{col(1)={-1:$(aa)};

loop(ii,1,aa){cell($(ii+2),2)=ECSA$(ii)};

run.section(%yScripte\ECLab_v4.ogs, ECSA);};

if(looppos==0)

{ getn (wieviele loops insgesamt?) bb;

col(1)={-1:$(bb)};

loop(ii,1,bb){cell($(ii+2),2)=ECSA$(ii-1)};

run.section(%yScripte\ECLab_v4.ogs, ECSA);};

[ECSA]

col(3)[L]$= active area;

col(3)[U]$= m2;

col(4)[L]$= ECSA;

col(4)[U]$= m2/g;

wks.col4.width=15;

//dividieren durch die theoretische Ladungsdichte von Pt und umrechnen in m2

col(3)=col(2)/210*1000/10000;

getn

(Einwaage Pulver in mg?) ee

(Massenprozent M?) mp

(wieviele µl auf Elektrode?) ml

(InkVolumen angesetzt in ml:) vv

(Bitte . und nicht , als Trennzeichen nehmen);

// Berechnung der Masse von reinem Metall auf der Elektrode = rm:

rm = ee/(vv*1000)*ml/100*mp;

//mit $(double, .2) werden 2 signifikante Stellen angegeben
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col(4)[C]$= Beladung Metall $(rm*1000/ele, .2) µg cm\+ (−2);

//Berechnung der tatsächlichen ESCA:

col(4)= col(3)/rm/0.001;

//zum Zeichnen:

plotxy iy:=(1,4) plot:=192 ogl:=[<new template:=HUPD_AREA name:=ESCA>];

// Set symbol size; %C is the active dataset

set %C -z 7;

//wenn keine Loops vorhanden sind, dann wird nur der Header weggeschnitten:

[noLoop]

win -a %H;

cell(2,1)= ;

//%F ist nötig für die Hupd-Berechnung; %O für die Loop-Trennung

%O=%E;

for(ii=1; ii<=wks.nrows; ii++)

{if (Cell(ii,1)$ ==mode) break;}

{if (Cell(ii,1)$ ==mode) aa=$(ii);}

wrcopy iw:=%O! r1:=aa+1 r2:=wks.nrows ow:=alldata!;

col(1)[L]$=mode#;

col(2)[L]$=ox/red;

col(3)[L]$=error;

col(4)[L]$=control;

col(5)[L]$=changes;

col(6)[L]$=counter inc.;

col(7)[L]$=time;

col(7)[U]$=s;

col(8)[L]$=Ewe;

col(8)[U]$=V;

col(9)[L]$=<I>;

col(9)[U]$=mA;

col(10)[L]$=cycle#;

wks.col8.type=4;

repeat 6{delete col(1)};
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a1=1;

for (ii = 2; ii<=wks.nrows; ii++)

{if (Cell(ii,4) ==cell($(ii-1),4)) test=1; else break;}

{if (test ==1) a2=$(ii)};

e1=a2-1;

//curve eins im bereich a2 bis e2

for (ii = a2+1; ii<=wks.nrows; ii++)

{if (Cell(ii,4) ==cell($(ii-1),4)) test=1; else break;}

{if (test ==1) a3=$(ii)};

e2=a3-1;

//curve eins im bereich a3 bis e3

for (ii = a3+1; ii<=wks.nrows; ii++)

{if (Cell(ii,4) ==cell($(ii-1),4)) test=1; else break;}

{if (test ==1) e3=$(ii-1)};

wrcopy iw:=[%H]alldata! r1:=a1 r2:=e1 ow:=curve1!;

wrcopy iw:=[%H]alldata! r1:=a2 r2:=e2 ow:=curve2!;

wrcopy iw:=[%H]alldata! r1:=a3 r2:=e3 ow:=curve3!;

doc -e LW

{col(1)[L]$=time;

col(1)[U]$=s;

col(2)[L]$=Ewe;

col(2)[U]$=V;

col(3)[L]$=<I>;

col(3)[U]$=mA;

col(4)[L]$=cycle#;

wks.col2.type=4;};

//wieder reinnehmen:

//plotxy iy:=(1,2) plot:=200;

run.section(%yScripte\ECLab_v4.ogs, umrechnen);

getyesno "Soll Hupd bestimmt werden?" antw1;

if(antw1==1)

{renameBook$=%L;

renameBook$=renameBook.between("CV_","mpt")$;
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renameBook_new$=renameBook.between("_",".")$;

%K = renameBook.between("loop",".")$;

page.label$=renameBook_new$;

run.section(%yScripte\ECLab_v4.ogs, integration);

ECSA$(%K)=cell(1,2);};

[umrechnen]

//win -a %H;

page.active$ = curve$(cv);

col(3)[L]$= umgerechnetesV;

col(3)[U]$= auf RHE mit + $(rf/1000);

col(4)=col(c);

col(4)[L]$= I gemessen;

col(4)[U]$= mA;

col(5)=col(d)/ele;

col(3)=col(2) + rf/1000;

col(5)[L]$=J\-(geo);

col(5)[U]$=mA/cm2;

col(5)[C]$=A(geo) = $(ele) cm2;

wks.col3.type = 4;

[integration]

copydata irng:=[%H]curve$(cv)!3:4 orng:=[%H]kopiertCurve$(cv)!1:2;

wks.col1.type = 4;

for(ii=1; ii<= wks.nrows; ii++)

{if(cell($(ii),2) < 0) break;}

cn=ii;

for(ii=cn; ii<= wks.nrows; ii++)

{if(cell($(ii),2) > 0) break;}

cn=ii-1;

wrcopy iw:=[%H]%C! r1:=cn r2:=wks.nrows ow:=Curve$(cv)auf0!;

for(ii=1; ii<= wks.nrows; ii++)

{if(cell($(ii),1) > ca/1000) break;}
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cn=ii;

col(2)[L]$=BaselineCreate;

col(3)=col(BaselineCreate)-col(BaselineCreate)[cn];

col(3)[L]$=done;

wks.col1.type=4;

//nc = normiereungswert

nc = cell(cn,3);

nrows = wks.nrows;

wrcopy iw:=[%H]Curve$(cv)auf0! r1:=1 r2:=cn ow:=nurPositiv!;

delete col(2);

col(1)[L]$= Potential;

col(1)[U]$= V;

col(2)[L]$= Current;

col(2)[U]$= mA;

wks.col1.type=4;

//kleine Korrektur, damit der erste Punkt auch auf 0 sitzt:

cell(1,2)=0;

integ1 iy:= (Col(1),Col(2)) type:=math area:=1;

double area = integ1.area;

type The calculated area is $(integ1.area);

newsheet name:=berechneteoberfläche cols:=2;

//hier ist der Wert für die oberfläche:

col(1)[L]$= Oberfläche berechnet aus dem Integral;

col(2)[L]$= durch scanrate dividiert;

col(2)[C]$= scanrate $(sr) mV/s;

col(2)[U]$= mC;

//mV muss nicht umgerechnet werden, da mA als Scala

//dann aber das Ergebnis in C noch *1000, damit am Ende mC rauskommt:

cell(1,1)= $(integ1.area);

cell(1,2)= $(integ1.area)/(sr)*1000;
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LSV.ogs

F=96485.341;

D=1.9e-9;

nue=8.93e-7;

C0=1.18;

w=1600;

n=4;

it =-0.62*n*F*D^(2/3)*nue^(-1/6)*C0*w^(1/2)*(pi/30)^(1/2);

getn

(Which cycle should be used?) cv

(Electrode surface in cm2 :) ele

(Full metal mass on electrode [mg]) rm

(Theoretical diff. lim. cur.) it

(Please enter the parameters);

page.active$=curve$(cv);

// die Grenzen für die Bestimmung von i_d:

for(ii=1; ii<= wks.nrows; ii++)

{if(cell($(ii),3) > 0.9) break;}

{if (Cell($(ii),3) > 0.9) ia=cell($(ii),5);}

for(ii=1; ii<= wks.nrows; ii++)

{if(cell($(ii),3) > 0.2) break;}

{if (Cell($(ii),3) > 0.2) ja=$(ii);}

for(ii=1; ii<= wks.nrows; ii++)

{if(cell($(ii),3) > 0.5) break;}

{if (Cell($(ii),3) > 0.5) jb=$(ii);};

getn

(electrons/mol: ) n

(Faradayconst. [C/mol]) F

(Diff-const. [m2/s]) D

(Viscosity [m2/s]) nue

(conc. oxi-species [mol/m3]) C0
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(Rotation in rpm) w

(Read value j [mA/cm2] at 0.9V) ia

(Calculation of diffusions current density at 0.9V; im = mass activity);

range aa = col(e)[$(ja)]:col(e)[$(jb)];

id = mean(aa);

ik=(ia*id)/(id-ia);

im =ik/rm*ele;

newsheet name:=MassActivityCalc;

cell(1,1)= "Diffusion curr.dens. in mA/cm2”;

cell(1,2)= id/10;

cell(2,1)= "kinetic in mA/cm2”;

cell(2,2)= ik;

cell(3,1)= "Mass activity in mA/mg";

cell(3,2)= im;

cell(4,1) = "Mass metal in µg”;

cell(4,2) = rm*1000;

wks.col1.width=20;

page.active$=curve$(cv);

col(5)[U]$= "j\-(mass) = $(im, .2) mA/mg";

wks.col5.width=15;

//if a graph template for LSV measurements is saved in the template

//library of Origin, it shoud be named as LSV and the following

//line should be enabled in the script:

//plotxy iy:=(3,5) plot:=192 ogl:=[<new template:=LSV name:=LSV>];

Guinier_correct.ogs

getn

(q column) qc

(I(q) column) qi

(Specify the column numbers!);
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win -a %H;

cell(1,1)= ;

renameBook$=%H;

ncols = wks.ncols;

col($(ncols+1)) = col($(qc))^2;

col($(ncols+2)) = ln(col($(qi)));

wks.col$(ncols+1).type=4;

col($(ncols+1))[L]$ = q2;

col($(ncols+2))[L]$ = ln(intensity);

//Suche die x-Werte für den Fit

for(ii=1; ii<= wks.nrows; ii++)

{if(cell($(ii),$(ncols+1)) > 0.2) break} aa=ii;

for(ii=1; ii<= wks.nrows; ii++)

{if(cell($(ii),$(ncols+1)) > 0.4) break} bb=ii;

//Fitte die Werte

fitLR iy:=($(ncols+1),$(ncols+2))[$(aa):$(bb)];

//fass die Parameter zusammen

newsheet name:= fitParameter;

cell(1,1)= "Intercept";

cell(1,2)= fitLR.a;

cell(2,1)= "Slope";

cell(2,2)= fitLR.b;

cell(3,1)= "Intercept error";

cell(3,2)= fitLR.aerr;

cell(4,1)= "Slope error";

cell(4,2)= fitLR.berr;

cell(5,1)= "Sum squares";

cell(5,2)= fitLR.r;

cell(6,1)= "number of points";

cell(6,2)= fitLR.pts;

cell(8,1)= "Rg";

cell(8,2)= sqrt(-cell(2,2));

cell(9,1)= "D=Rg*12^0.5";

cell(9,2)= cell(8,2)*sqrt(12);
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wks.col1.width=10;

//und erstelle eine neue Funktion mit den berechneten Werten

page.active=1;

col($(ncols+3))[L]$=FitX;

col($(ncols+4))[L]$=FitY;

cell(1,$(ncols+3))=0.1;

for (ii=2; ii<=21; ii ++)

{kk=ii-1;

cell(ii,$(ncols+3))=cell(kk,$(ncols+3))+0.02;}

wks.col$(ncols+3).type=4;

col($(ncols+4))= fitLR.a + fitLR.b*col($(ncols+3));

//mache einen Graph daraus

plotbylabel iy:=(($(ncols+1),$(ncols+2)),($(ncols+3),$(ncols+4)))

group:=Units plottype:=line rows:=1 cols:=1;

//Set the start value

layer.x.from = 0.1;

//Set the end value

layer.x.to = 0.8;

//Set the increment value

layer.x.inc = 0.05;

//Set the start value

layer.y.from = $(fitLR.a-2);

//Set the end value

layer.y.to = $(fitLR.a);

//Set the increment value

layer.y.inc = 0.001;

page.label$= renameBook$;
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Abbreviations

Abbreviation Declaration
(A)SAXS (Anomalous) Small Angle X-Ray Scattering
AST Accelerating stress test
a. u. arbitrary units
BESSY Berliner Elektronspeicherring-Gesellschaft für Synchrotronstrahlung
CA Chronoamperommetry
CV Cyclic voltammetry
ECSA Electro-chemical surface area
EDX Energy Dispersive X-Ray Analysis
FC Fuel cell
GC Glassy carbon
HOR Hydrogen oxidation reaction
(HR)TEM (High Resolution) transmission electron microscopy
IL Ionic liquid
LSV Linear sweep voltammetry
meso-C Carbon material synthesized by pyrolysis of 3-MBP-dca
MWCNT Multi walled carbon nano tubes
N-MWCNT MWCNT coated with a Nitrogen-doped carbon
norm. normalized
NP nanoparticle/s
ORR Oxygen reduction reaction
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Abbreviation Declaration
PDF Pair distribution function
pdf Probability density function
PEMFC Polymer electrolyte membrane fuel cell
psd particle size distribution
SEM Scanning electron microscopy
SLAC Stanford Linear Accelerator Center, National Accelerator Laboratory
XANES X-Ray Absorption Near Edge Structure
XPS X-ray photo electron spectroscopy
XRD X-ray Diffraction
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