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ABSTRACT

Electrocatalysts play a pivotal role in the decarbonization of our world by enhancing the

kinetics of electrochemical reactions, thereby boosting the performance of devices such as fuel

cells and water electrolyzers. High-performing electrocatalysts are typically based on

expensive metals like Pt or Ir, which hinders the widespread commercialization of these

devices. It is therefore of great importance to study how to enhance the activity and stability of

such expensive materials, which would allow for a lower loading and cost, or to find cheaper,

high-performing alternatives.

The stability and activity of a catalyst can be improved by modifying its structure, both on the

nanometer scale (e.g., by changing the size or shape of the catalyst) and atomic scale (e.g., by

introducing strain, lattice defects, or foreign elements). By studying how the structure of a

catalyst affects its performance, it is possible to elucidate structure-properties relationships,

which in turn enables the rational design of superior catalysts with optimized structures.

Nonetheless, studying the local atomic structure in a representative manner, or its evolution

during catalysis presents a formidable challenge. Recent advances in (scanning) transmission

electron microscopy have made such studies possible, allowing the determination of

degradation or activation mechanisms of electrocatalysts, and the systematic study of the

effects of defects on catalysis.

In this thesis, state-of-the-art (scanning) transmission electron microscopy-based techniques

are used to develop new insights into how the structure and lattice defects of electrocatalysts

influence their performance. Moreover, method development is pursued in cases where the

current techniques cannot be successfully applied.

Various electrocatalytic materials with applications in fuel cells and electrolyzers were studied.

Firstly, the degradation mechanisms of Rh-core Pt-shell nanoparticles under electrochemical

cycling -used to mimic fuel cell operation conditions- were investigated. Using identical

location scanning transmission electron microscopy, it was discovered that particle detachment

from the carbon support was the main degradation mechanism responsible for the loss of

activity during the electrochemical tests, providing valuable insights into which strategies need

to be prioritized for developing more stable catalytic systems.

After having seen the potential of the identical location technique on fuel cell investigations, it

was investigated how to apply it for gas-evolving reactions, such as those occurring in a water
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electrolyzer. It was discovered that the identical location technique could be easily and

reproducibly applied to such reactions using the tweezers method, as opposed to the commonly

used Teflon cap method.

Next, with the help of this easy-to-implement method, a catalyst for the oxygen evolution

reaction, i.e., the anodic reaction in an electrolyzer, was studied. LaNiO3 perovskite

nanoparticles were selected for this part due to their low cost and high catalytic activity. The

results revealed that Fe traces in the potassium hydroxide electrolyte diffuse into Ruddlesden-

Popper planar faults present in the LaNiO3 structure, causing structural changes that enhance

the catalytic activity of the perovskites. This work highlighted the importance of defects in the

catalytic activity, motivating the study of a different class of defects, namely grain boundaries.

In particular, the aim was to use grain boundaries for increasing the catalytic activity of the

expensive noble metal Pt. It was discovered that the catalytic activity of grain boundary-rich

Pt nanoparticle assemblies was over 35x higher than single-crystal Pt nanoparticles, thanks to

their elevated number of concave grain boundary sites. Moreover, it was seen that the active

sites could be stabilized by boron segregation.

Lastly, having showcased the potential of grain boundaries in enhancing the catalytic activity

of noble metals, the effect was explored further for Au. Using Au samples with a controlled

grain boundary density as a material system, a relationship between grain boundary density,

coordination number and catalytic activity was revealed.

This thesis is a demonstration of how material science can contribute to improving the

stability and activity of catalysts by tuning their structure and exploiting the potential of

defects in catalysis.
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ZUSAMMENFASSUNG

Elektrokatalysatoren spielen eine zentrale Rolle bei der Dekarbonisierung unserer Welt, indem

sie die Kinetik elektrochemischer Reaktionen verbessern und so die Leistung von Geräten wie

Brennstoffzellen und Wasserelektrolyseuren steigern. Leistungsstarke Elektrokatalysatoren

basieren jedoch in der Regel auf teuren Metallen wie Pt oder Ir, was die breite

Kommerzialisierung dieser Geräte behindert. Daher ist es von entscheidender Bedeutung zu

untersuchen, wie die Aktivität und Stabilität dieser teuren Materialien verbessert werden kann,

was eine geringere Beladung und niedrigere Kosten ermöglichen würde, oder günstigere,

hochleistungsfähige Alternativen zu finden.

Die Stabilität und Aktivität eines Katalysators kann durch Veränderung seiner Struktur erhöht

werden, sowohl auf der Nanometerskala (z.B. durch Veränderung der Größe oder Form des

Katalysators) als auch auf der atomaren Skala (z.B. durch Einbringen von Spannungen,

Gitterdefekten, oder Fremdelementen). Die Untersuchung, wie sich die Struktur eines

Katalysators auf seine Leistung auswirkt, ermöglicht es so genannte Struktur-Eigenschafts-

Beziehungen aufzustellen, die die Entwicklung besserer Katalysatoren mit optimierten

Strukturen ermöglichen. Die Untersuchung der lokalen Atomstruktur in repräsentativer Weise

oder ihrer Entwicklung während der Katalyse stellt jedoch eine enorme Herausforderung dar.

Die neuesten Fortschritte in der (Raster-)Transmissions-Elektronenmikroskopie haben solche

Studien möglich gemacht und erlauben die Bestimmung von Abbau- oder

Aktivierungsmechanismen von Elektrokatalysatoren sowie die systematische Untersuchung

der Auswirkungen von Defekten auf die Katalyse. In dieser Arbeit kamen modernste

elektronenmikroskopische Techniken zum Einsatz, um neue Erkenntnisse darüber zu

gewinnen, wie die Struktur und Gitterdefekte von Elektrokatalysatoren deren Leistung

beeinflussen. Für die Fälle, in denen die derzeitigen Techniken nicht erfolgreich angewandt

werden konnten, wurden Methodenentwicklung betrieben.

Es wurden verschiedene elektrokatalytische Materialien mit Anwendungen in Brennstoffzellen

und Elektrolyseuren untersucht. Zunächst wurden die Degradationsmechanismen von

Nanopartikeln mit Rh-Kern und Pt-Schale unter elektrochemischen Zyklen untersucht, welche

die Betriebsbedingungen von Brennstoffzellen simulieren. Mit Hilfe der

Rastertransmissionselektronenmikroskopie an identischen Positionen wurde festgestellt, dass

die Ablösung der Partikel vom Kohlenstoffträger der wichtigste Degradationsmechanismus

war, der für den Aktivitätsverlust während der elektrochemischen Tests verantwortlich ist.
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Dieses Ergebnis lieferte wertvolle Erkenntnisse darüber, welche Strategien für die Entwicklung

stabilerer katalytischer Systeme vorrangig zu verfolgen sind.

Nachdem das Potenzial der Methode an identischen Positionen vor und nach

elektrochemischen Tests bei Untersuchungen an Brennstoffzellen erkannt worden war, wurde

sie für gasentwickelnden Reaktionen, wie sie in einem Wasserelektrolyseur auftreten,

weiterentwickelt. Es wurde festgestellt, dass die Technik bei solchen Reaktionen einfach und

reproduzierbar mit der Pinzettenmethode angewandt werden kann, im Gegensatz zu der

üblicherweise verwendeten Teflonkappenmethode.

Anschließend wurde mit Hilfe dieser einfach zu implementierenden Methode ein Katalysator

für die Sauerstoffentwicklungsreaktion, d. h. die anodische Reaktion in einem Elektrolyseur

untersucht. LaNiO3-Perowskit-Nanopartikel wurden aufgrund ihrer geringen Kosten und ihrer

hohen katalytischen Aktivität für diesen Untersuchungen ausgewählt. Die Ergebnisse zeigten,

dass Fe-Spurenelemente im Kaliumhydroxid-Elektrolyten in die Ruddlesden-Popper-

Planardefekte in der LaNiO3-Struktur diffundieren und dort strukturelle Veränderungen

verursachen, die die katalytische Aktivität der Perowskite erhöhen. Diese Arbeit hat die

Bedeutung von Defekten für die katalytische Aktivität hervorgehoben und dazu motiviert, eine

andere Art von Defekten, nämlich Korngrenzen, zu untersuchen.

Es wurde festgestellt, dass die katalytische Aktivität von Pt-Nanopartikeln, die reich an

Korngrenzen sind, mehr als 35 Mal höher ist als die von einkristallinen Pt-Nanopartikeln, was

auf die erhöhte Anzahl konkaver Korngrenzen zurückzuführen ist. Darüber hinaus wurde

beobachtet, dass diese Defekte durch Dotierung mit Bor stabilisiert werden können.

Nachdem das Potenzial von Korngrenzen zur Steigerung der katalytischen Aktivität von

Edelmetallen aufgezeigt worden war, wurde die Beziehung zwischen Korngrenzen und

Katalyse genauer untersucht. Unter Verwendung von Au-Proben mit einer kontrollierten

Korngrenzendichte als Materialsystem wurde ein Zusammenhang zwischen

Korngrenzendichte, Koordinationszahl und katalytischer Aktivität festgestellt.

Die vorliegende Doktorarbeit zeigt, wie die Materialwissenschaft dazu beitragen kann, die

Stabilität und Aktivität von Katalysatoren zu verbessern, indem ihre Struktur optimiert und das

Potenzial von Defekten in der Katalyse genutzt wird.
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LSV Linear sweep voltammetry
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XRD X-ray diffraction
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1. Introduction

1

1 Introduction

A catalyst increases the rate of a chemical reaction, enabling it to proceed faster.1 Despite this

simple definition, catalysts are extremely important in our world. For instance, it is estimated

that catalytic processes are involved at some step in the production of ~80% of all manufactured

goods and that catalysts contribute indirectly to ~30% of the world's gross domestic product.2

Electrocatalysts are a particular type of catalyst that catalyze electrochemical reactions, that is,

reactions that are caused by or that produce an electrical current. As we keep electrifying our

world and increasing the share of renewable energy in the electricity mix to reduce our

greenhouse gas emissions3, electrocatalysts will get more and more important. Not only that,

electrocatalysts will also contribute directly to reducing our dependency on fossil fuels since

they are fundamental for the successful establishment of a hydrogen (H2)-based economy.4,5 A

schematic representation of the different parts involved in the hydrogen economy is given in

Figure 1-1.

Figure 1-1. Schematic representation of a hydrogen-based energy economy. Electrocatalysts
are needed in several critical steps. Figure courtesy of Tianyi You (MPIE).

As a clean energy carrier, H2 provides a way to store the excess energy produced by renewable

energy sources such as the wind or sun. Using the electricity generated by such sources, green

H2 can be produced by splitting water (H2O) into its elements in an electrolyzer.6 This H2 can

be stored (although H2 storage is far from trivial), and during spikes of energy demand, or drops

of energy production by renewable sources, oxidized in a fuel cell for generating electricity.7

Furthermore, H2 can also be directly used in industry, for instance for producing chemicals like

ammonia (NH3)6 or hydrogen peroxide (H2O2)8, or metals like green steel9.
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Electrocatalysts are fundamental in order to make this future a reality since they are needed in

several critical steps of the process, including hydrogen production10, storage11, oxidation12,

and obtention of chemicals in the industry5,13. The best-performing catalysts for H2 production

in an electrolyzer are platinum (Pt)14- or iridium (Ir)15-based, and for H2 oxidation in a fuel cell

are Pt-based16. In the industry, a large variety of catalysts can be used depending on the specific

reaction, but catalysts based on metals like ruthenium (Ru)17 or gold (Au)18 are routinely used.

All of these materials have something in common, which is that they are extremely expensive.

For instance, the market price of one Kg of Ru is ~13.000 €, for Pt ~ 28.000 €, for Au ~ 65.000

€ and Ir is even more expensive at ~145.000 €/Kg  (all prices given as of 04.2024).19 Therefore,

to enable a fossil fuel-free, H2-based economy, we must enhance the performance of existing

noble metal-based electrocatalysts to use them more efficiently in lower quantities.

Alternatively, we can focus our efforts on developing more affordable alternatives based on

earth-abundant elements.

Current noble-metal-based electrocatalysts can perform better by modifying their structure on

the nano20,21 and atomic level22,23, since these factors affect both the activity and stability of

catalysts. Therefore, studying how the structure of catalysts affects their performance is

fundamental and one key aspect of this thesis. Building these so-called structure-property

relationships enables the rational design of improved catalysts that fulfill the activity and

stability requirements for their successful commercial implementation.

Cheaper alternatives to noble-metal-based catalysts are typically composed of abundant

elements such as 3d transition metals (e.g., Fe, Cu, Ni) and/or non-metallic elements (N, P, S,

O). Nickelates such as lanthanum nickel oxide (LaNiO3)23 and sulfides like molybdenum

disulfide (MoS2)24 have emerged as potential replacements for Ir and Pt in electrolyzers as

water-splitting catalysts. Nonetheless, non-noble-based catalysts usually perform worse than

their noble metal counterparts, especially when considering their stability under operation

conditions.25 For instance, most transition metals are not stable under the acidic environment

and the high potentials present at the cathodes of fuel cells,26 and they suffer important changes

in activity and morphology during operation. In order to study such changes as a function of

the operation conditions (e.g., applied voltage or time), tools capable of tracking structural

modifications on the nanometer or atomic scale under operation conditions are needed. For this

reason, an additional key aspect of this thesis was to contribute to the development of these

tools.
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Despite the importance of studying the effects of the structure on the catalytic performance, it

is not straightforward due to the small size of catalysts. Catalysts typically have dimensions of

a few nanometers to maximize their fraction of surface atoms, since those atoms interact with

the reactant molecules and catalyze the reaction.27 Additionally, the atomic arrangement also

affects the catalytic properties. Local distortions of the lattice parameter16,28 or defects such as

grain boundaries (GBs)29, stacking faults22, and  vacancies30,31 have been reported to boost

catalytic activity. Nonetheless, the full potential of defects in electrocatalysis remains to be

exploited due to the intrinsic difficulty of performing an in-depth study at an angstrom scale

that is also representative of the sample. An additional difficulty is exploring how the local

atomic structure (e.g., defects) evolves under catalytic conditions, since this requires tracking

individual regions of the sample during catalysis, or a thorough characterization from multiple

regions to have enough statistical insights.

(Scanning) transmission electron microscopy ((S)TEM) and associated spectroscopy

techniques are some of the most powerful tools for studying materials with high spatial

resolution. These techniques not only allow for imaging with a sub-Angstrom resolution32, but

also enable elemental and chemical distribution mapping with atomic resolution33. Moreover,

novel techniques (e.g., four-dimensional (4D)-STEM34, electron tomography35,36, identical

location37, operando38) continue to be developed and improved. Such novel methods provide

an unprecedented degree of structural information and possibilities. For instance, using 4D-

STEM, the grain boundary type in areas of several µm² can be identified39, potentially with

sub-nm resolution40. Additionally, the improvement of identical location37 and operando38

methods enables the study of the local structural changes in individual regions of the sample

under operation conditions.

Nonetheless, these novel techniques have been applied to relatively few systems, making the

structure-property relationships of many electrocatalysts still unknown and leaving many

questions about the role of defects in catalysis unexplored.

1.1 Aim of the thesis

This thesis aims to study how the nano- and atomic structure of electrocatalysts affect their

performance, both in terms of activity and stability. In particular, state-of-the-art transmission

electron microscopy-based techniques are used for developing insights into the effects of

structure and lattice defects in catalysis. This research intends to solve previously unanswered

questions due to the difficulties in characterizing the changes in the local structure during
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catalysis and the local atomic structure in a representative manner. Additionally, in the cases

where the current techniques presented challenges in being applied, method development is

pursued in order to enable them.

Several material systems have been explored, all in the context of the H2 economy. On the

electrolyzer side, the earth-abundant MoS2 and LaNiO3 are investigated as alternatives to the

expensive noble metals. On the fuel cell side, efforts are made to study how to improve the

activity and stability of Pt-based materials. Lastly, Au is explored as a catalyst for an additional

end-use case of H2, namely the sustainable production of chemicals.

A deep understanding of the structure-properties relationships enables the rational design of

more active and more stable electrocatalysts, paving the way for the successful realization of a

fossil fuel-free, H2-based economy and for the green obtention of chemicals.

1.2 Outline

This thesis consists of 9 main chapters. In Chapter 1, the need for developing better

electrocatalysts and the importance of studying their structure down to the atomic level are

presented. Chapter 2 covers the fundamentals of electrochemistry and catalysis, the reactions

investigated during the thesis, the degradation mechanisms suffered by electrocatalysts, and

the role of different structure factors on the catalytic performance, with a special focus on grain

boundaries. In Chapter 3 the theoretical background of the mostly used characterization

techniques is presented. The results achieved during this thesis are presented in Chapters 4 to

8. In Chapter 4, the stability of nanostructured Rh-core Pt-shell particles is studied by means

of identical location scanning transmission electron microscopy. Having showcased the

potential of this technique in determining the degradation mechanism of electrocatalysts,

Chapter 5 deals with how to apply it to catalysts for gas-evolving reactions, for which Re-

doped MoS2 is selected as a material system. The results from Chapter 5 enable the study of

the role of planar defects on LaNiO3 perovskites and their changes during the oxygen evolution

reaction (Chapter 6). The results of Chapter 6 highlight the critical role that defects can play in

affecting the catalytic activity. Therefore, in Chapter 7, the influence of a different type of

defect, namely grain boundaries, is explored for Pt nanostructures. Similarly, these

investigations reveal that the catalytic properties of Pt are very dependent on the presence of

grain boundaries. How to control the density of grain boundaries (and thus the catalytic

performance) is explored in Chapter 8 using Au as a model system. Chapter 9 summarizes the



1. Introduction

5

most important results and provides an outlook for future work. In the Appendix, additional

data and the Curriculum Vitae are supplied.
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2 Fundamentals

2.1 Some basic concepts of electrochemistry

Electrochemistry deals with chemical reactions caused by or that result in charge (e.g.,

electron) movement. A substance that loses an electron has a higher oxidation state (it is

oxidized), while a substance that receives an electron has a lower oxidation state (it is

reduced).41 These oxidation-reduction (or redox) processes are coupled, i.e., for a reduction to

take place, an oxidation elsewhere that provides the necessary electrons is required, and vice

versa. An electrochemical cell is formed by two electrodes, the anode and the cathode. The

reduction reaction takes place at the cathode, while the oxidation occurs at the anode. The

reduction potential of a species (𝐸𝑟𝑒𝑑) is a measure of its tendency to gain electrons (i.e., get

reduced), and the oxidation potential (𝐸𝑜𝑥) of its tendency to lose electrons (i.e., get oxidized).

Depending on the redox potentials of the cathode and anode species, the reactions in a given

electrochemical cell will be thermodynamically favorable or will require some additional

energy, as pointed out by the following relationship with the change in Gibbs free energy

(∆𝐺).41

∆𝐺 = −𝑧𝐹(𝐸𝑟𝑒𝑑𝑐𝑎𝑡ℎ𝑜𝑑𝑒 + 𝐸𝑜𝑥𝑑𝑎𝑛𝑜𝑑𝑒) Eq. 2-1

Where 𝑧 is the moles of transferred electrons and F is the Faraday constant.

This gives rise to the two types of electrochemical cells; galvanic and electrolytic.42,43

If the magnitude (𝐸𝑟𝑒𝑑𝑐𝑎𝑡ℎ𝑜𝑑𝑒 + 𝐸𝑜𝑥𝑑𝑎𝑛𝑜𝑑𝑒), also referred to as cell potential, is positive, the redox

process will be thermodynamically favorable (∆𝐺 < 0), and the electrochemical cell is referred

to as “galvanic”. Therefore, in galvanic cells, the redox reactions happen spontaneously, and

they can convert chemical energy into electrical energy. Fuel cells are one example of galvanic

cells, since they produce electricity by oxidizing a fuel, such as hydrogen. Part of the reactions

studied in this thesis, such as the hydrogen oxidation reaction (HOR) and the oxygen reduction

reaction (ORR), are types of galvanic cell reactions (see section 2.3 for more details).

If the cell potential is negative, the redox process is not thermodynamically favorable

(∆𝐺 > 0), and electrical power is needed to drive the reactions. The corresponding

electrochemical cell is known as “electrolytic”. For instance, water electrolyzers use electricity

to split water into oxygen (by oxidizing it) and hydrogen (by reducing it), making the hydrogen

evolution reaction (HER) and the oxygen evolution reaction (OER) examples of electrolytic

cell reaction.
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2.2 Some basic concepts of catalysis

Regardless of whether the reactions are spontaneous or not, electrocatalysts are typically

needed to improve their kinetics. Catalysts do not affect the energy of the reactants or products,

that is, catalysts do not modify the redox potentials of the anodic and cathodic species.

Nonetheless, catalysts lower the energy barrier (known as activation energy) that needs to be

overcome for a reaction to take place (Figure 2-1). This has the effect of lowering the

overpotential of a reaction, which is defined as the potential difference between the

thermodynamically expected potential and the potential at which the reaction is experimentally

observed.

Figure 2-1. Role of a catalyst in a chemical reaction. Adapted from Ref 44

Overpotentials cause losses of efficiency in an electrochemical cell. For instance, in a galvanic

cell, it results in less electrical energy generated than chemical energy consumed. In an

electrolytic cell, the existence of overpotential results in a higher energy needed for driving the

reactions. Catalysts capable of minimizing significantly the overpotential of a reaction are

referred to as being active.

Electrocatalysts lower the activation energy and reduce the overpotential by adsorbing the

reactant molecules, weakening some of the reactant molecule’s bonds, and facilitating the

reaction. There is always an optimal binding energy between the catalyst’ surface and the

reactants. If the binding energy is too low, the reactant molecule will not bind to the catalyst

and no reaction will take place. On the other hand, if the binding energy is too high, the products

will not dissociate, and the active site will be blocked.45 This principle is known as the Sabatier

principle, and results in the commonly known volcano plots when plotting catalytic activity

versus binding energy (Figure 2-2).45
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Figure 2-2. Schematic representation of the Sabatier principle. Adapted from Ref. 45.

Good electrocatalysts not only present a high activity towards a given reaction, but they are

also able to maintain such high activity for a prolonged period of time, that is, they are both

active and stable. That is quite challenging, since electrocatalysts can undergo processes that

decrease their activity (see section 2.4). Both the activity and stability can be influenced by the

structure. In section 2.5, the different structural factors that affect the performance of

electrocatalysts will be addressed. Before that, more information on the reactions of interest

will be covered.

2.3 Reactions of interest

For successfully decarbonizing our energy system, it is critical to have active and stable

electrocatalysts for all the reactions involved in the electrolyzer side (HER, OER) and the fuel

cell side (HOR, ORR). That is why catalysts for all of these reactions have been studied during

this thesis. Moreover, electrocatalysts can also be used for the sustainable production of a broad

range of fuels and chemicals. Of particular interest is the hydrogen peroxide production

reaction, or two-electron ORR, since H2O2 is a chemical with numerous applications, such as

bleaching agent, detergent production, and disinfectant.5 Therefore, catalysts for such reactions

have also been investigated in this thesis.

2.3.1 Hydrogen evolution reaction

The HER is the cathodic reaction in an electrolyzer, in which hydrogen gas is obtained as a

product. The corresponding half-reaction in acidic conditions is:45

2𝐻+ + 2𝑒− → 𝐻2 𝐸𝑟𝑒𝑑𝑜 = 0 𝑉 Eq. 2-2
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Where the subscript ° indicates that the reduction potential is measured at a temperature of

298.15 K, pressure of 1 bar, and concentration of 1 mol/L.

In the currently used proton exchange membrane (PEM) electrolyzers, the electrocatalyst of

choice for the HER is carbon-supported platinum nanoparticles (NPs)14, since other materials

cannot withstand the corrosive acidic environment at the cathode. Nonetheless, MoS2-based

catalysts have emerged as a low-price Pt alternative, since they are able to maintain their

catalytic activity during electrochemical measurements.46 However, the correlative

investigation of the catalyst’s structure evolution during the electrochemical testing remains

elusive, due to the challenging nature of characterizing the structure of gas-evolving catalysts.

One of the objectives of this thesis was to develop the necessary methods for enabling these

types of studies (see Chapter 5 for more details).

2.3.2 Oxygen evolution reaction

The OER is the other half reaction in an electrolyzer, that takes place at its anode. In acid media,

it can be written as:45

2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 4𝑒− 𝐸𝑜𝑥𝑜 = −1.229 𝑉 Eq. 2-3

Using Eq. 2-2 and Eq. 2-3, it can be seen that the cell potential of an electrolyzer is negative,

meaning that electrical power is needed to drive these chemical reactions. Moreover, the

overpotential of the OER is especially high since it involves a complex 4-electron transfer

process.47 Therefore, even more electrical power is required for splitting water in an

electrolyzer, which lowers their efficiency and increases the costs. The OER can be effectively

catalyzed by noble metal oxides, such as RuO2 or IrO2.15 However, the high cost and low

abundance of these materials have fueled ongoing efforts to find suitable, cheaper alternatives.

Among the possible alternatives, perovskite transition metal oxides (with chemical formula

ABO3) have emerged as a promising OER catalyst due to their high activity and the possibility

of tuning their reactivity by changing the A- and B- site cations.48 In Chapter 6, the OER

catalyst perovskite LaNiO3 is studied.

2.3.3 Hydrogen oxidation reaction

The chemical energy stored in hydrogen gas needs to be converted back on demand to electrical

energy, that can be used for powering our vehicles or buildings. The most efficient way of

doing that is by electrochemically oxidizing hydrogen in a fuel cell. The HOR is the anodic

reaction in a fuel cell. In it, hydrogen gas is oxidized to give protons and electrons. The protons
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diffuse across a cationic exchange membrane towards the cathode, while the electrons travel

towards the cathode through an external circuit, generating electricity.49 The HOR half-reaction

can be written as:45

𝐻2 → 2𝐻+ + 2𝑒− 𝐸𝑜𝑥𝑜 = 0 𝑉 Eq. 2-4

The material of choice for HOR catalysts is also Pt, although its low tolerance for impurities

requires that extremely pure hydrogen is used. Combining Pt with other metals such as Ru,

either in alloyed50 or core-shell51,52 NPs can be a successful strategy for increasing the impurity

tolerance of Pt, especially towards carbon monoxide (CO). Nonetheless, Pt-Ru materials suffer

from low operating stability, since Ru leaches out during operation, impacting negatively the

long-term performance of fuel cells.50–52 In this thesis, the possibility of replacing Ru with the

more stable rhodium (Rh)53 in HOR catalysts is explored, focusing on studying the stability of

this electrocatalyst (see Chapter 4).

2.3.4 Oxygen reduction reaction

In a fuel cell, besides the anodic HOR, the other half-reaction that needs to be considered is the

cathodic ORR. Although there are different pathways that the reaction can take, in a PEM fuel

cell the four-electron pathway is the most common:45

4𝐻+ + 4𝑒− + 𝑂2 → 2𝐻2𝑂 𝐸𝑟𝑒𝑑𝑜 = 1.229 𝑉 Eq. 2-5

Combining Eq. 2-4 and Eq. 2-5 indicates that the cell potential in a fuel cell is positive, and

that is why it can be used for generating electrical power. Nonetheless, the sluggish kinetics

and high overpotentials of the ORR limit the performance of fuel cells.25

Similar to the previously discussed reactions, Pt or Pt-alloyed NPs are the state-of-the-art

catalyst for the ORR. A particular high loading of Pt is needed in the cathode (4-5 times the

amount on the anode52,54), to compensate for the sluggish kinetics of the reaction. This makes

the need for finding ORR electrocatalysts capable of substituting Pt or increasing the intrinsic

activity and stability of Pt-based materials particularly pressing. See Chapter 7 for more

information on how during this thesis the increase of the activity and stability of Pt

nanocatalysts was achieved.

2.3.5 Two-electron oxygen reduction reaction

Besides the common four-electron pathway for the ORR of interest in fuel cells, in which water

is obtained as a final product (Eq. (2-5)), there is an alternative, competing reaction, namely,
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the two-electron ORR. In it, oxygen is reduced with two electrons to give hydrogen peroxide,

according to the following reaction:5,55

2𝐻+ + 2𝑒− + 𝑂2 → 𝐻2𝑂2 𝐸𝑟𝑒𝑑𝑜 = 0.695 𝑉 Eq. 2-6

This reaction is undesired in a fuel cell, since hydrogen peroxide is a strongly oxidizing agent

which can damage the components of the cell. However, it can also be exploited for

synthesizing hydrogen peroxide, a product with numerous applications. This direct,

electrochemical synthesis of H2O2 would enable to decentralize its production which is not

possible with the currently used anthraquinone process.56 Nonetheless, the successful

commercialization of electrochemical H2O2 production requires a catalyst with high activity,

selectivity and stability.56 The selectivity part is crucial, since the catalyst needs to be active

for the electroreduction of oxygen, but in a selective way, i.e., only towards the two-electron

pathway. During this thesis, a highly active, selective and stable two-electron ORR catalyst

was investigated (Chapter 8).

2.4 Degradation mechanisms of electrocatalysts

Electrocatalysts are typically nanostructured in order to maximize the fraction of surface atoms

available for catalyzing a reaction. However, atoms on the surface are inherently less stable

than in the bulk, and therefore nanostructured catalysts often suffer from processes that

minimize their surface.57 These processes impact negatively the activity of the catalyst, since

they result in fewer surface atoms that can interact with the reactants and catalyze a reaction.58

Therefore, they are referred to as degradation mechanisms. The most common degradation

mechanisms are dissolution, particle detachment, Ostwald ripening, and particle

agglomeration.57  A schematic drawing of some of the most frequent catalyst degradation

mechanisms is provided in Figure 2-3.

Particle detachment and agglomeration can occur as a consequence of support corrosion. A

weakening of the interaction between catalytic particles and the support can result in particle

migration and agglomeration on the surface of the support, or detachment of whole particles

from the support.57

Dissolution of catalytic species affects especially smaller particles due to their higher surface

energy.57 If the dissolved species redeposit on larger particles, making them grow, the

phenomenon is known as Ostwald ripening.
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Figure 2-3. Schematic drawing showing the different degradation mechanisms of catalytic
NPs. Adapted from Ref. 57

Additionally, the loss of catalytic activity can also occur if higher-energy lattice defects that

are active for a reaction disappear during catalysis. For instance, GBs, which have been

identified as active centers for carbon dioxide (CO2) electroreduction59,60 and methane

oxidation61, can be modified by heating62 or under the presence of an applied electrical field63.

2.5 Structure effects on catalytic performance

The structure of catalysts has a great influence on their performance. In this thesis, a great deal

of attention has been placed on studying how different structural features, in particular defects,

affect the performance of catalysts. These insights enable the rational tuning of the structure

for higher activity and stability. Here and in the following the structure refers to both the type

of atoms and their arrangement, i.e., chemical composition and crystal structure.

The effect of the structure on stability can be exemplified in bimetallic NPs (Figure 2-4).

Figure 2-4. Model of alloy and core-shell NP with different element distribution and structure.
Adapted from own work.64

If these NPs are alloys, with the elements randomly distributed, the surface will contain atoms

of both elements. Therefore, the less stable element will be exposed to the electrolyte and can

be dissolved. However, if the NPs are nanostructured as core-shell, the less stable element can

Particle agglomeration Ostwald ripeningParticle detachment Dissolution
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be located in the core, and protected from the electrolyte by the shell. This nanostructuration

will result in lower dissolution, and therefore higher stability.65

Besides the stability, the structure of a catalyst can also affect its activity. Firstly, the structure

can affect the fraction of surface atoms,66 which are the ones that interact with the reactants.

Secondly, the structure can affect how these surface atoms interact (bind) with the reactants,67,68

which influences their intrinsic activity according to the previously discussed Sabatier principle

(Figure 2-2).

For instance, in the case of the ORR, although Pt is the best-performing element, it still binds

oxygen slightly stronger than the optimal value.69 Therefore, its ORR activity can be increased

by reducing the oxygen binding energy, which can be achieved by modifying its structure by

assembling the single crystal Pt NPs, forming NP assembly nanostructures (see Chapter 7). In

the case of the two-electron ORR, Au binds to weakly a critical reaction intermediate

(HOO*)70. Therefore, its performance can be enhanced by increasing the Au-(HOO*) binding

energy (see Chapter 8).

Next, the particular structural features that affect the catalytic performance will be addressed.

2.5.1 Coordination number

In the bulk of a face-centered cubic (fcc) metal such as Pt, Au or Rh, atoms have a coordination

number of 12, i.e., they possess 12 nearest-neighboring atoms.71 Such an atom is chemically

inactive, since it is fully surrounded by others. On the surface, some neighboring atoms are

missing. Therefore, surface atoms lack electron density and tend to bond with adsorbates to

compensate for it. Different crystallographic surfaces have different coordination numbers,71

and thus different binding energies for a given adsorbate. For instance, Pt(100) surfaces, with

a coordination number of 8, bind more strongly to oxygen species than Pt(111) surfaces

(coordination number of 9).72 As a consequence, Pt(111) surfaces align better with the ORR

volcano plot maximum and have higher activity than (100) surfaces.72 Therefore, one factor

that will affect the catalytic activity of NPs is their shape, since it will determine which facets

it presents.

Besides the modification of the facets, the coordination number (and thus, the binding energy)

can also be tuned by introducing concave or convex sites73,74 and defects such as stacking

faults22. These can form active sites at their surface terminations.
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2.5.2 Particle size effect

Smaller particles have a higher fraction of surface atoms and therefore possess a higher

electrochemically active surface area (ECSA). That is why smaller particles (e.g.,

nanoparticles) in general perform better than larger particles, and electrocatalysts tend to be

nanostructured.66 However, it also needs to be considered that reducing particle size decreases

the fraction of terrace sites, while edges and steps are increased.75 Since the atoms on the edges

and steps have a lower coordination number, they will interact more strongly with the reactants.

That is, changing the particle size not only has an impact on the ECSA, but it can also affect

the average coordination number of the catalysts, and therefore its interaction with a reactant.

This phenomenon can have important implications on the activity-size dependence, for

instance, in the ORR activity of Pt NPs. Reducing the size of Pt particles by less than 3 nm is

actually counterproductive for the total activity (in terms of activity per gram of Pt). Although

the ECSA increases, the fraction of inactive, highly undercoordinated sites with a too-large

binding energy with oxygen is higher, and therefore their activity is lower.68 Other reactions or

other materials can follow a different trend, depending on where the material falls in the

volcano plot for that specific reaction.

Additionally, the particle size can also affect the stability of catalysts, and Pt particles of less

than 3 nm are significantly less stable than bigger ones.76

2.5.3 Lattice expansion or contraction

One additional way of modifying the binding energy between the catalyst and the reactant

molecules -and thus the catalytic performance- is by expanding or contracting the lattice of the

catalyst on its surface. Although there can be different physical reasons for the lattice expansion

or contraction (e.g., external load, lattice parameter mismatch with a substrate, dislocations…),

this change of lattice parameter on the surface is commonly referred to as surface strain.77 The

effect of lattice parameter change on the binding energy can be rationalized in metals by the d-

band model. Changing the lattice parameter of the catalyst modifies the center of the metal d-

bands, which has a determinant role in the adsorption energies and activation energy

barriers.78,79 For late transition metals, lattice expansion upshifts the d-band center, resulting in

stronger interaction with adsorbates. Lattice compression downshifts the d-band center,

weakening the interaction.77

The effect of varying the lattice parameter on catalytic activity can be seen by using positive

electrode materials such as LiCoO2 as a substrate for Pt NPs.28 The lattice parameter of such
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substrate expands (contracts) in a controlled manner during the charge (discharge) of the

battery due to the removal (intercalation) of Li+. Therefore, the lattice parameter of the Pt NPs

deposited on top can be modified in a controlled manner, resulting in enhancement of the ORR

activity during compression, and suppression during expansion.28

For practical use cases, however, the strategy of using substrates that can shrink or expand is

not applicable, so different alternative methods have been developed for changing the lattice

parameter of the surface atoms of nanomaterials. One commonly used strategy is to alloy the

catalyst with a different element. For instance, alloying Pt with other elements like Ni or Ru

downshifts the d-band center of Pt80, and Pt3Ni alloyed surfaces have been reported to have

some of the highest ORR activities.81,82 Nonetheless, the presence of the alloyed atoms on the

surface difficulties the interpretation of the role of lattice modification, since the electronic

structure can also be modified by the neighboring alloyed atom (ligand effect). Another

successful strategy for modifying the lattice parameter of the surface atoms consists of having

core-shell nanostructures. The lattice mismatch between the core and the shell can introduce

strain on the surface atoms, and core-shell electrocatalysts have been shown to be highly active

due to an optimization of the binding energy with the reactants.83,84

Nonetheless, although these strategies modify the lattice parameter of the surface initially, it

also needs to be considered whether it is maintained under electrochemical conditions,

especially if the alloyed or core metals suffer from low stability. 51,58,85

2.6 Grain boundaries

GBs are two-dimensional defects formed in the interface between two crystalline grains

(Figure 2-5a). They have been extensively studied in this thesis, and therefore the next section

is dedicated to describe them and their influence on the catalytic activity with detail.

GBs can be classified according to the misorientation angle between the two grains. If the angle

is below 15°, a low-angle grain boundary (LAGB) is formed, which can be considered as an

array of dislocations. As the misorientation angle between the two grains increases, more and

more dislocations are needed to accommodate the mismatch between the grains. At angles over

15°, the boundary is considered a high-angle grain boundary (HAGB). Randomly oriented

HAGBs have a highly distorted, open structure, and therefore they are associated with a higher

energy. There are however some special HAGBs. At particular misorientation angles, the two

lattices can fit together with a relatively low distortion of the interatomic bonds. This is caused

because some lattice positions (i.e., atoms in the case of simple crystals) of the first grain
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coincide exactly with some lattice positions of the second grain, thus resulting in lower energy

(Figure 2-5b). Comparing the number of these coinciding lattice positions, a value (referred to

as sigma, ∑ ) can be assigned to a HAGB. For instance, in a ∑3 GB, for every 3 lattice points,

one is common between the two grains.86–88

In this thesis, GBs are used in the context of electrocatalysts because GB surface terminations

(Figure 2-5a) have been shown to act as active centers for some reactions. For instance, it has

been proved that GB surface terminations in gold were more active than GB-free surfaces for

the electrochemical reduction of CO2.29,59 The reason behind the unusually high activity on the

GB surface terminations is that these defects effectively combine the two strategies previously

discussed for altering the binding energy with the reactant molecules. Firstly, local distortions

of the lattice parameter can be found in the vicinity of the surface terminations of the GBs.

Secondly, due to the distorted, open structure of the HAGBs, the coordination number of the

atoms in the GB surface termination will be different than for other atoms of the surface.60

These two factors combined make GBs highly interesting defects in electrocatalysis, that need

to be studied and exploited for more electrochemical reactions.

Figure 2-5. (a) Schematic drawing of a grain boundary. At its surface termination the atoms
can interact with the reactant molecules, helping catalyze a reaction. (b) GB energy as a
function of the misorientation angle between grains. At some particular angles, the energy of
the GB decreases due to coincidence between lattice points of the two grains, giving rise to
HAGBs such as ∑11 or ∑3 GBs. Adapted from Ref.89
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3 Characterization techniques

To understand how the structural features of electrocatalysts affect their performance, it is

essential to investigate both their structure and electrochemical properties. This chapter will

present the most used characterization techniques throughout the thesis and their theoretical

foundations. More in-depth information can be found in the textbooks used in the writing of

the chapter.41,90–92

3.1 (Scanning) transmission electron microscopy

To maximize the surface area available for catalyzing a reaction, electrocatalysts are typically

nanoparticles, with sizes ranging from a few nm to hundreds of nm, or present features in the

nanoscale regime. Therefore, in order to study their morphology and structure, advanced

characterization techniques with a high spatial resolution are required.

Conventional, diffraction-limited light microscopy can resolve objects down to ~200 nm93,

making it unsuitable for the proper characterization of electrocatalysts. In (S)TEM, electrons

are used instead of photons as illumination source, and images are formed with the electrons

that are transmitted through the sample. In this way, sub-Å resolutions can be achieved.94 Since

the lengths of interatomic bonds are typically larger (e.g., C-C bond ~1.5 Å55, Pt-Pt bond ~ 2.7

Å), such high resolving power is enough for resolving individual atomic columns, that is, for

studying the atomic arrangement.

Moreover, since electrons are charged particles, they interact strongly with matter. This

interaction depends on the chemical nature of the sample, and therefore chemical information

of the specimen can be accessed, which is the basis of the spectroscopy techniques.

In the following sections, the different operating modes and the information that can be

extracted from them will be detailed.

3.1.1  Parallel vs convergent electron beam

There are two principal ways in which the electron beam can illuminate the sample, which

gives rise to the two main modes of operation: TEM and STEM (Figure 3-1). Despite the

numerous differences between these modes, a (S)TEM instrument contains the following parts.

1) The illumination system, which is composed of the electron gun, condenser lenses and

apertures, shapes the electron beam interacting with the specimen. 2) The stage, which can be

moved with sub-nm precision and is where the sample is placed. 3) The detector/camera, which
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is situated after the specimen and is responsible for forming an image with the transmitted

electrons.

In TEM mode (Figure 3-1a), the lenses of the illumination system are tuned to illuminate the

specimen with a parallel beam of electrons, which interacts and propagates across a (relatively)

big region of the sample. The image is formed by a lens located after the specimen, known as

the objective lens. It takes the electrons transmitted through the sample and forms a magnified

image in its image plane. The image can be further magnified by the intermediate and projector

lenses and recorded with a screen or camera. Since the objective lens is the imaging-forming

lens, aberrations in it will have a great impact on the resolution achievable in TEM. Therefore,

aberration-correction methods in TEM mode focus on minimizing the aberrations present in

the objective lens, especially its spherical aberration (Cs).

At the back focal plane of the objective lens, a so-called objective aperture can be placed. Such

an aperture increases the diffraction contrast of the image, allowing the obtention of a bright

field image (if the direct beam is selected while Bragg-scattered electrons are blocked) or a

dark field image (if Bragg-scattered electrons are selected while the direct beam is blocked).

In STEM mode (Figure 3-1b), the illumination system is tuned for forming a convergent beam

of electrons, which scans the sample point by point. The electrons transmitted in a given beam

position on the sample can be detected with different detectors (known as bright field (BF),

annular dark field (ADF) and high angle annular dark field (HAADF)). The corresponding

signal is recorded at an equivalent point (pixel) on the computer screen, forming an image.

Therefore, STEM images are built pixel by pixel over several seconds. Since scanning images

are not magnified by lenses, their resolution depends on the probe size itself, which is

determined by the condenser lens system. Consequently, for enhancing the resolution in STEM

mode, spherical aberration correctors of the condenser lenses (also known as probe correctors)

can be used.

Most of the microscopy work performed in this thesis was done in STEM mode and will be

covered, together with its associated techniques, in the upcoming sections with more detail.

Nonetheless, some results presented here involve TEM mode, so it is worth briefly describing

it further.
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Figure 3-1. Schematic representation of (a) TEM with parallel beam illumination and (b)
STEM, in which a convergent beam scans over the sample. Adapted from Ref 90.
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3.1.2 High-resolution-TEM

When no objective aperture is inserted in the back-focal plane of the objective lens, several

electron waves scattered by the specimen propagate through the vacuum and are modified by

the lens system before interfering with each other on the screen. The waves have different

phases, resulting in interference and subsequent contrast differences in the image formed.

Therefore, these images are known as phase contrast images. Their contrast can be difficult to

interpret, since it depends on the thickness of the sample, as well as on the focus and aberrations

of the objective lens, among other factors. However, their contrast also depends on the atomic

structure and orientation of thin specimens, making it possible to obtain high-resolution (HR)-

TEM images, in which the atomic distances can be resolved. To facilitate the interpretation of

the image contrast, typically a small, negative spherical aberration is introduced to the objective

lens by the aberration corrector, which yields high-resolution images with bright-atom contrast

on a dark background.95 In this thesis, HR-TEM images were used to determine the surface

facets of NPs.

3.1.3 HAADF-STEM

In STEM, a convergent beam of electrons scans over the specimen. In a given beam position,

electrons will be scattered at different angles (Figure 3-1b). Using distinct detectors, electrons

scattered in different angular ranges can be collected. The BF detector detects electrons

scattered at low angles (~0-10 mrads), the ADF at intermediate angles (~15-70 mrads), and the

HAADF at high angles (~75-200 mrads).

Due to the high collection angle of the HAADF detector, no Bragg scattered electrons (rich in

diffraction information) are detected. Therefore, HAADF images are (almost) free of Bragg

effects, and do not present diffraction contrast. On the contrary, at such high angles,

Rutherford-scattered electrons are mainly detected. These electrons are incoherent (i.e.,

without a phase relationship between them), and the images formed by them have mass-

thickness (or Z) contrast. This has several important implications. Firstly, it allows for easy-to-

interpret, atomic-scale images. Moreover, in HAADF micrographs it is possible to distinguish

between elements with different atomic numbers, with higher-Z elements appearing brighter

than lower-Z elements. Lastly, since the HAADF signal depends on the thickness of the

specimen, it can be used for performing HAADF-STEM tomography, in which a (3D) volume

is reconstructed from a series of (2D) HAADF images.
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In this thesis, atomic-resolved HAADF images are used, among others, for determining local

changes in the lattice parameter, as exemplified in Figure 3-2. The positions of the atomic

columns are located with accuracy by fitting 2D Gaussians to the local intensity maxima

(i.e., the atomic columns). From them, the interatomic distances can be calculated, and the

lattice parameter distortion mapped by selecting a reference (undistorted) lattice.96

Figure 3-2. Real-space strain mapping. From atomic-resolved HAADF images (a), 2D
Gaussians are fitted to locate the atomic column positions (b). These can be later used for
mapping the relative changes in lattice parameter (c). Adapted from Ref 97.

3.1.4 HAADF-STEM tomography

One limitation of (S)TEM is that 3D specimens are viewed as 2D projections, which can be

misleading and lacking information. As mentioned, HAADF-STEM images have mass-

thickness contrast. In particular, as a first approximation for thin samples, the intensity of the

HAADF signal increases linearly with the specimen thickness, and can consequently be used

for tomographic 3D reconstruction.91,98

The workflow in a HAADF-STEM tomography experiment is shown in Figure 3-3. HAADF

micrographs (normally referred to as projections) are acquired at every few angles, between

±70°. This limited tilting range is a consequence of the stage being located tightly between the

upper and lower pole pieces of the objective lens. The projections are then pre-processed and

aligned for their posterior feeding into a reconstruction algorithm. Several algorithms are

available, with the most common ones being based on iterative methods.98 In them, an initial

guess for the 3D reconstructed volume is used for simulating projection images along the

experimental acquisition angles. These simulated images are compared with the experimental

ones, and the 3D volume is modified accordingly. The process is repeated iteratively until the

optimal volume is found.91 The reconstructed volume can be later segmented and visualized.

In Figure 3-3, an example of the utility of tomography in this thesis is presented. With this

technique, the reconstructed volume of a core-shell nanoparticle can be segmented to study the
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core encapsulation. Open-source Python libraries can be used for all the post-acquisition

steps 99–102.

Figure 3-3. Scheme depicting the workflow for HAADF-STEM tomography.

3.1.5  4D-STEM

In HAADF-STEM, a signal is recorded in each beam position, in principle proportional to the

number of electrons hitting the HAADF detector. That signal is a number, typically a 16-bit

integer. If the beam scans over the sample in a grid of 1024x1024 points, the resulting HAADF

image will be a 1024x1024 matrix, whose elements range between 0 and 65535 (216-1) (Figure

3-4a). If the HAADF detector is replaced by a pixelated detector, besides the Rutherford-

scattered electrons, the direct electron beam and the Bragg-diffracted electrons can be recorded.

Therefore, at each beam position, a 2D diffraction pattern is obtained (Figure 3-4b). The

corresponding data set is four-dimensional, with 2 real-space and 2 reciprocal-space

dimensions, and the technique is known as 4D-STEM34. 4D-STEM datasets are quite large in

size, easily weighing several gigabytes. They are also very rich in information. For instance,

virtual BF or ADF images can be obtained by integrating over the pixels collecting the electrons

scattered at low or medium angles, respectively. Additionally, if the crystalline structure of the
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sample is known, a library of diffraction patterns for different crystallographic orientations can

be simulated, and compared to the experimentally obtained patterns. In this way, the orientation

of the sample at each beam position can be extracted, and an orientation map obtained (Figure

3-4c).

Figure 3-4. Data acquisition of HAADF-STEM (a) and 4D-STEM (b) images. In 4D-STEM, a
2D diffraction pattern is recorded at each beam position, giving as a result a four-dimensional
data set. Each diffraction pattern can be indexed to determine its orientation by comparing
them to simulated patterns, making it possible to obtain orientation maps (c). Figure inspired
by Ref 34. 4D-STEM data taken Ref 97.
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Such orientation maps can be further processed for extracting additional information, i.e., grain

size distribution or grain misorientation angle. Moreover, by carefully analyzing distortions in

the diffraction patterns, the local lattice distortions of the sample can be mapped.34

For performing orientation mapping, the convergence semi-angle (α) in 4D-STEM is smaller

than in typical HAADF-STEM. This has the advantage of reducing the diffraction disk size,

which would otherwise overlap, hindering their proper identification. Nonetheless, a smaller

convergence semi-angle results in a larger electron probe, thus reducing the spatial resolution.

3.1.6 Spectroscopy

Until now the focus has been on using electrons transmitted through the sample for imaging it

and obtaining information regarding its crystal structure and orientation. However, electrons

are charged particles capable of ionizing matter, i.e., removing the inner-shell electrons from

the atom (Figure 3-5a). This ionization can be used for extracting chemical and electronic

information from the specimen and is the basis of the spectroscopy techniques. In particular,

energy dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS)

were used in this thesis.

When a high-energy electron interacts with an atom of the specimen, it can transfer part of its

energy to the atom, or in other words, it can get inelastically scattered. By measuring the energy

lost by the electron beam during its interaction with the specimen, an EELS spectrum can be

obtained (Figure 3-5b). Therefore, each feature in it (except the zero-loss peak) is related to

an inelastic scattering event.

An EELS spectrum has two distinct regions, namely the low loss (0-50 eV) and the high loss

(>50 eV) regions. In the low-loss region, the electrons that have not lost energy when going

through the sample form the zero-loss peak. In addition, those that lose a small part of their

energy to excite collective oscillations of the conduction band electrons constitute the plasmon

peak. Band gap transitions (e.g., from valence band to conduction band) are also recorded in

this region. In the high-loss region, electrons that have undergone inelastic scattering events

with the inner-shell electrons of the specimen’s atoms are detected. In such events, a core

electron (typically from the K, L, or M shell) is excited to a higher, unoccupied state above the

Fermi level. The energy transferred (or lost) by the incoming electron in the ionization process

is characteristic of the atom involved, and therefore a source of chemical information. Since

there are several possible unoccupied states to which the core electron can get ejected, features

in an EELS spectrum are edges instead of sharp peaks. The energy resolution in EELS is
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typically below 1 eV,  so small energy differences in the ionization process, caused by

differences in the valence state or coordination environment of the atom, can be recorded.

Consequently, the high-loss edges can be used for extracting the sample composition, but also

its oxidation state or its nearest-neighbor atomic structure.

After an atom has been excited, it can relax back to a low energy state by filling the remaining

hole in the inner shell with an electron from an outer shell (Figure 3-5a), emitting an X-ray or

an Auger electron in the process. In both cases, the energy emitted depends on the energy of

the two shells involved and is characteristic of an atom, so it can be used for chemical analysis

of the sample. By recording the energy of the characteristic X-rays, an EDS spectrum is

obtained (Figure 3-5c).

Figure 3-5. Inelastically scattering process. (a) An inner-shell electron is excited by an
incoming (high-energy) electron from the beam. The remaining hole in the K shell can be filled
by an electron from a higher energy shell (L), emitting a characteristic X-ray. By measuring
the energy loss of the inelastically scattered electrons, an EELS spectrum (b) can be obtained.
The EDS spectrum (c) is obtained by measuring the energy of the emitted X-rays. Figure (a) is
inspired by Ref 103. Data in (b) and (c) are published in Ref 48.

The signals used in EELS and EDS, i.e., the energy loss of the incident electron beam and the

characteristic X-rays, respectively, are two distinct aspects of the same process. These signals

are generated whenever a high-energy electron beam interacts with the sample, independently

of whether the beam is parallel (TEM) or convergent (STEM). Nonetheless, the EDS and EELS
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experiments of this thesis were always performed in STEM mode. In this way, the region of

the sample emitting the signal can be pinpointed down to the atomic level, allowing for

spectroscopy with a high spatial resolution, which is the main advantage of performing

spectroscopy inside an electron microscope.

3.2 Electrochemical techniques

In order to evaluate how good a catalyst is, its performance and stability need to be determined.

The most common way for benchmarking an electrocatalyst is to apply a potential to it while

simultaneously measuring the resulting current. The techniques that follow this principle are

referred to as voltammetric, and they are typically performed in a three-electrode set-up

(Figure 3-6a). As indicated by its name, it consists of three electrodes, namely the working,

the reference and the counter electrode. The working electrode comprises the sample to be

characterized, and it is where the reaction of interest takes place. In the counter electrode, the

other half reaction takes place, completing the electrical circuit. All the charge needed to

balance the electrons at the working electrode passes through the counter electrode. The role

of the reference electrode is to measure and control the working electrode potential. Therefore,

it needs to have a constant, well-defined potential. Normally a silver/silver chloride (Ag/AgCl)

or a reversible hydrogen electrode (RHE) are used as a reference. The set-up is controlled with

a potentiostat.

3.2.1 Linear sweep voltammetry and cyclic voltammetry

The two main voltammetric techniques used in this thesis are linear sweep voltammetry (LSV)

and cyclic voltammetry (CV). In LSV, the potential is scanned from a lower limit to an upper

limit in a linear way (Figure 3-6b). Whenever the applied potential is enough for an

electrochemical reaction, electrons will flow between the working and counter electrode, and

current will be measured. The current measured is proportional to the number of electrons

flowing through the circuit and therefore is a measure of the rate of an electrochemical reaction.

CV is similar to LSV. However, in CV experiments the potential is swept back and forth

between the lower and upper limits (Figure 3-6c)104. Therefore, in a single CV scan, the

cathodic (towards more reducing, or negative potentials) and anodic (towards more oxidative,

or positive potentials) directions are covered. By performing an elevated number of CV scans,

it is possible to evaluate how the activity of the sample changes over time. If the current

decreases during the CV experiments, it is an indication that the sample is becoming less active

over time, and therefore its stability can be determined (Figure 3-6d).
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Figure 3-6. Testing the electrocatalytic performance of a sample. (a) Scheme of the three-
electrode set-up. In LSV, a voltage changing linearly with time is applied in a single direction
(b), while in CV the scan is performed in both directions (c). In (d) the CV curves of Pt
nanoparticles before and after 20.000 CVs are shown. Notice how the peak current decreases
during the cycles, indicative of activity loss during time (i.e., degradation). Figure (a) adapted
from Refs 64,105. Figure (d) adapted from own work 106.

3.2.2 Rotating (ring) disk electrode

It is convenient for some reactions to use a rotating disk electrode (RDE) as a working

electrode, in which the sample can be deposited. An RDE rotates at a controlled rate during the

experiments, ensuring that fresh electrolyte is continuously brought to its surface and that

reaction products are removed. In this way, mass transport limitations can be avoided, and the

intrinsic activity of the catalyst properly evaluated.107

An additional ring can be located on the RDE, forming a rotating ring disk electrode. This

electrode is particularly useful for studying reactions with two products. The additional ring

can be held at a potential that can selectively reduce or oxidize one of the two reaction products,

giving information about the selectivity of the reaction towards such a product.107 In this thesis,

an RRDE was used for evaluating the selectivity of gold nanoparticle assemblies towards the

two-electron ORR (see Chapter 8 for more details).
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3.3 Identical location (S)TEM

Identical location (S)TEM (IL-(S)TEM) combines STEM with electrochemical techniques.

Using (S)TEM it is possible to extract information regarding the structure and composition of

the sample, including the amount and distribution of elements, their oxidation state, and

whether there are defects (and which type) in the crystal lattice of the specimen. Using

electrochemical techniques like LSV or CV, the electrochemical performance of the sample

can be determined. This includes evaluating how good it is for catalyzing a given reaction (i.e.,

its activity) and for how long such activity can be maintained (i.e., its stability).

In this thesis, a great deal of attention is placed on studying how the structure of electrocatalysts

affects their electrochemical performance. In particular, on studying how changes in the

structure modify the activity of a catalyst. This has traditionally been done using ex-situ

methods. With these methods, the sample is characterized after having undergone

electrochemical testing, and compared with the sample before the testing. These methods are

well-established and straightforward. Nonetheless, they present some limitations, as only

general statistical insights are obtained, which might fail to reflect the exact changes taking

place in the system, especially if the changes are subtle.37 To overcome this challenge, in recent

years, in-situ electron microscopy methods have been rapidly developing. 38,108 In them, a TEM

sample is placed in a special holder that allows for an external stimulus to be applied while

inside the microscope. The stimulus can be, among others, heat, potential, a gas, a liquid, or

some combination of them. This allows for the direct imaging and correlation of the changes

taking place with the applied stimulus. Although very powerful, in-situ electron microscopy

methods have other limitations. For instance, they require carefully designed control

experiments to rule out potential changes in the sample induced by the electron beam.

Especially when a liquid is flown through the cell (necessary for electrochemistry), artifactual

reactions are common due to beam-induced radiolysis of the liquid109. Moreover, the

achievable resolution is reduced in the presence of a thick liquid layer down to a few

nanometers.109 Additionally, performing long aging tests is generally not possible, since that

would mean blocking the microscope continuously for days and would result in a high total

electron dose being applied to the sample (if images are constantly acquired). A third approach

that tries to solve the limitations of ex-situ and in-situ methods is identical location (S)TEM110.

In it, the pristine sample is first studied thoroughly in the microscope (Figure 3-7a) and a series

of zoom-out images are taken each time to document the precise regions of interest being

characterized. Afterward, that same sample is used as a working electrode in a three-electrode
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set-up (Figure 3-7b). An electrochemical test or aging experiment is performed (e.g., a certain

number of CV curves), and the aged sample is placed back in the microscope. The regions of

interest are located again using the zoom-out images, and imaged (Figure 3-7c). By comparing

the images of the same region before and after the electrochemical test, is possible to determine

which changes were induced in individual catalyst NPs during testing, and to correlate them

with the changes in the electrochemical properties.

Figure 3-7. Identical location (S)TEM. Firstly, the fresh sample is placed on a TEM finder grid
and characterized in the microscope (a). Then, electrochemistry is performed directly on the
same sample-loaded grid (b). Afterward, the regions previously imaged are located again, and
the changes with respect to the fresh sample caused by the electrochemical test can be directly
seen (c). In (d), the mechanism of loss of electric contact during gas-evolving reactions is
depicted. The gas bubbles block the Teflon cap hole, preventing the contact between the
electrolyte and the sample. Figures (a-c) adapted from own work 64. Figure (d) adapted from
own work 105.

The studied sample is typically a nanomaterial, which is dispersed on a TEM grid for its

characterization on the microscope. In IL-(S)TEM, the grids used are finder-grids, which

present some markers that help the posterior identification of the regions of interest.

Generally, the grid loaded with the sample (forming the working electrode) is connected to the

potentiostat using a glassy carbon electrode as substrate, since it presents a low activity for

most reactions. The grid is held onto the glassy carbon electrode using a Teflon cap (chemically
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inert), that has a small hole in the center, allowing electrical contact with the electrolyte (see

inset in Figure 3-7b). However, gas-evolving reactions cannot be studied using this approach,

since the gas bubbles generated during the reaction accumulate in the Teflon cap hole,111

blocking it and preventing the electrical contact between the sample and electrolyte (Figure

3-7d). In this thesis, a systematic study was conducted to validate an easy approach that enables

reliable studies of gas-evolving reactions with IL-(S)TEM (see Chapter 5).
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4 Rh@Pt Electrochemical Stability of Rhodium−Platinum

Core−Shell Nanoparticles: An Identical Location Scanning

Transmission Electron Microscopy Study

Note: The following chapter is based on the publication “Rh@Pt Electrochemical Stability of

Rhodium−Platinum Core−Shell Nanoparticles: An Identical Location Scanning Transmission

Electron Microscopy Study”, by M. Vega-Paredes et al. in ACS Nano 2023, 17, 16943-16951.

Therefore, the personal pronoun ”we” is used throughout this chapter to refer to the group of

researchers that were part of this specific study.

In this chapter, the stability of rhodium−platinum core−shell nanoparticles on carbon support

(Rh@Pt/C NPs) is assessed and their degradation mechanisms are unraveled using identical

location scanning transmission electron microscopy.

Rh@Pt/C NPs are promising candidates as anode catalysts for polymer electrolyte membrane

fuel cells. However, their electrochemical stability needs to be further explored for successful

application in commercial fuel cells. Here we employ IL-STEM to track the morphological and

compositional changes of Rh@Pt/C NPs during potential cycling (10 000 cycles, 0.06−0.8

VRHE, 0.5 M H2SO4) down to the atomic level, which are then used for understanding the

current evolution occurring during the potential cycles. Our results reveal a high stability of

the Rh@Pt/C system and point toward particle detachment from the carbon support as the main

degradation mechanism.

4.1 Introduction

Pt−Rh-based materials have attracted a great deal of attention in the last years in a wide range

of catalytic applications, including the preferential oxidation of CO in hydrogen,21,112 the

control of NOx and CO emissions from car exhaust,113 the hydrogen evolution reaction,114

formic acid oxidation,115,116 and the hydrogenation of organic compounds,117,118 among others.

Furthermore, Pt−Rh-based materials have been explored as catalysts for proton exchange

membrane fuel cells (PEMFCs), both in the cathode119 and in the anode, where they have been

investigated for the oxidation of methanol120,121 and ethanol120–122 or as CO-tolerant HOR

catalysts.123,124

Despite these investigations, the understanding of the electrochemical stability and degradation

mechanisms affecting Pt−Rh catalysts and the resulting impact on their catalytic activity
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remains limited. This is especially relevant for PEMFCs, since limited catalyst stability is one

of the central factors limiting their widespread commercialization.125 Particle dissolution,

agglomeration, Ostwald ripening, and particle detachment have been reported as some of the

main phenomena affecting state-of-the-art Pt-based PEMFC catalysts.126 Moreover, when Pt is

alloyed with a less stable transition metal, such as Ni or Co, the preferential dissolution of these

metals can take place.127,128 This process also affects Pt−Ru-based catalysts,50–52 the materials

of choice for CO-tolerant PEMFC anodes due to their superior catalytic activity,129,130 which

impacts greatly their performance toward the HOR. Therefore, it is still necessary to find a

durable anode catalyst that can boost the commercial viability of PEMFCs.129 In this context,

Pt−Rh catalysts are promising candidates to replace Pt−Ru-based anodes on PEMFCs if their

stability under operating conditions is higher, as hinted by the Pourbaix diagrams of Ru and

Rh.53 However, their electrochemical stability needs to be further explored since not much is

known about the degradation mechanisms affecting Pt−Rh catalysts under fuel cell conditions.

In this work, we study the stability of Rh−Pt core−shell nanoparticles on turbostratic carbon

support (Rh@Pt/C NPs) during electrochemical cycling (10 000 cycles, 0.06−0.8 VRHE, 0.5

H2SO4) by identical location scanning transmission electron microscopy.110 This particular

nanostructure was selected because similar core−shell NPs have been shown to have superior

performance than the alloyed counterparts.21,131,132 IL-(S)TEM is a powerful tool for studying

local changes down to the atomic level in nanostructured catalysts, which has been extensively

used for gaining insights into the degradation of electrocatalysts58,133–136 or their support134,137

under fuel cell conditions. In IL-(S)TEM, the same region of interest can be investigated before

and after electrochemical testing, allowing correlation of the changes in the particles with the

catalytic activity. This technique solves some of the limitations of ex-situ (S)TEM, in which

only general statistical insights are possible, which might fail to reflect the exact changes taking

place in the system.37 In addition, it also presents some advantages compared with in-situ

electrochemical liquid cell (S)TEM, in which the electron beam-induced radiolysis of the

electrolyte can produce unwanted artifactual reactions,109 as well as having its special

resolution limited by the presence of a thick liquid layer.108

Our results indicate that the investigated Rh@Pt/C NPs are stable systems and point toward

particle detachment as the main degradation mechanism taking place during potential cycling.
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4.2 Results and Discussion

Characterization of the as-synthesized Rh@Pt NPs.

The as-synthesized Rh@Pt/C NPs were characterized by means of (S)TEM in order to confirm

the core−shell structure and study the atomic arrangement (Figure 4-1). The higher atomic

number of Pt compared to Rh (ZPt = 78, ZRh = 45) results in Pt atoms scattering electrons more

strongly and appearing brighter in the HAADF images.91 Therefore, the bright shell

surrounding the dark core in the particle in Figure 4-1a is indicative of a Rh-core Pt-shell

particle. The fast Fourier transform (FFT; inset Figure 4-1a) shows that both the shell and the

core are face-centered cubic and oriented along the [011] zone axis (ZA).

Figure 4-1. Structural and compositional characterization of the as-synthesized Rh@Pt/C
NPs. (a) HAADF-STEM micrograph of a faceted particle visualized along the [011] ZA. Its
FFT is shown as an inset. (b) 3D atomic model of that particle that deviates from the
thermodynamic equilibrium shape, shown in (c). (d) HAADF-STEM micrograph, (e) its
corresponding EDS composition map, and (f) intensity profile along a NP with a 10-
monolayer-thick Pt shell.

The NPs have been further analyzed by HR-TEM and subsequent FFT analysis. The results

show that the Rh@Pt/C NPs investigated in this work are highly faceted and present the lowest

energy {111} and {100} facets (Figure 4-2).138 However, their shape deviates from that of the

thermodynamic equilibrium (Figure 4-1b,c), as they present asymmetric facets that distort the
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3D structure from the expected cuboctahedron. The shell thickness is measured to be between

three (Figure 4-1a) and 10 (Figure 4-1d-f) Pt monolayers. Nonetheless, even in the particles

with a shell of only three Pt monolayers, the Rh core appears to be fully encapsulated, which

is desirable since an incomplete core coverage would result in the less stable Rh being exposed

to the electrolyte during cycling/operation, and therefore in a lower stability.51

Figure 4-2. HR-TEM micrographs (a,d) and respective FFTs (b,e) of two Rh@Pt/C NPs
oriented along the [011] and [001] ZA. In (c,f) the Wulff constructions of Rh along the
corresponding zone axis are provided. Notice how the experimental shape of the NPs deviates
from that expected on the thermodynamic equilibrium.

Since the encapsulation of the core is a 3D phenomenon, the NPs were further investigated by

high-resolution electron tomography (Figure 4-3). In Figure 4-3a, the intensity-based

segmentation of a reconstructed Rh@Pt/C NP at atomic resolution is shown. The low-intensity

voxels are assigned to Rh, whereas those with high intensity correspond to Pt (Figure 4-3b).

An animated version of the reconstruction and ortho-slices through the 3D data set can be found

in the web version of the article.64 These results confirm that the Rh core is fully surrounded

by the Pt shell, and therefore a high electrochemical stability can be expected.
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Figure 4-3. High-resolution tomography of as-synthesized Rh@Pt/C NPs. (a) Segmented 3D
volume and (b) ortho-slice of the reconstruction.

Electrochemical accelerated stress tests.

After the initial characterization of the Rh@Pt NPs, accelerated stress tests (ASTs) were carried

out, as described in the Experimental methods. The upper potential limit of 0.8 VRHE differs

from ASTs found in the literature, in which higher upper potential limits are used for studying

the degradation associated with start-up or shut-down events.58,139 However, the development

of system strategies mitigates the degradation during these events,140,141 making a lower upper

potential limit more suitable for studying anode catalyst degradation studies.52

Figure 4-4 shows the changes in the Rh@Pt/C-TEM grid voltammograms that occurred during

the potential cycles.

Figure 4-4. Voltammograms showing the changes in the Rh@Pt/C NPs’ activity during the
potential cycles.
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A cyclic voltammetry recorded with the bare glassy carbon electrode is also provided as a blank

current. The comparatively higher current obtained after adding the TEM grid confirms the

correct electrical connection of the grid to the electrode.

In the initial cycles oxidation and reduction peaks are present at 0.65 VRHE and 0.55 VRHE,

respectively, which can be attributed to Pt.142 Additionally, a peak in the hydrogen

underpotential deposition region is also seen. During the potential cycles, the cyclic

voltammetry curves flatten progressively, and after 10 000 cycles only capacitive current can

be observed, which can be attributed to the carbon support.143 This is indicative of a loss of

active catalyst during the potential cycles, which could be caused by the common degradation

mechanisms of fuel cell catalysts (particle dissolution, agglomeration, Ostwald ripening, and

particle detachment from the carbon support). Moreover, since the cycles are performed on a

TEM grid loaded with Rh@Pt/C NPs without any binder, large groups of Rh@Pt/C NPs not

properly attached to the TEM grid can also get removed (Figure 4-5), which partially explains

the loss of current observed in Figure 4-4.

Figure 4-5. Detachment of big groups of Rh@Pt/C NPs during the ASTs from the TEM grid
due to the absence of a binder (Nafion).

Nonetheless, loss of current is still observed for the voltammograms performed on

Rh@Pt/Cglassy carbon (Figure 4-6a) to a smaller extent. Since that electrode contained Nafion

as a binder, the removal of large groups of Rh@Pt/C NPs cannot solely explain the loss of

activity of Rh@Pt/C NPs, and other degradation mechanisms need to be considered.
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Figure 4-6. Ex-situ characterization. (a) Voltammograms performed on a Rh@Pt/C NPs ink
deposited on a glassy carbon electrode. (b) XRD diffractograms of the Rh@Pt/C NPs at 0 (in
gray) and 10 000 (in green) cycles. The diffractograms of Pt (ICSD-76951) and Rh (ICSD-
76952) are also provided for comparison. The additional reflection at 31.5° is most likely
stemming from CaS impuritutes of the carbon support. HR-STEM image, corresponding EDS
composition map (c), lower resolution STEM micrograph with particle size distribution
histogram (d) and EELS spectra (e) of the Rh@Pt NPs ink after 10 000 cycles.

Identical location STEM

In order to understand the causes behind the current degradation observed in Figure 4-4, IL-

STEM experiments were performed. Figure 4-7 shows how a representative region of the

sample changed during the potential cycles.
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Figure 4-7. HAADF-STEM micrographs showing a region of the sample at (a) 0, (b) 1000, (c)
4000, and (d) 10 000 AST cycles. The different colored arrows indicate particle movement
(purple), particle reattachment from another region (blue), and particle reprecipitation from
dissolved species (green).

The evolution of an additional region is provided in Figure 4-8 to demonstrate the

reproducibility of the results. In both IL-STEM datasets particle movement and particle

reprecipitation from dissolved species are observed.
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Figure 4-8. IL-STEM dataset of a different region of the sample. The HAADF-STEM images
were taken after (a) 0, (b) 1000, (c) 4000 and (d) 10 000 AST cycles. The arrows indicate
particle movement (purple) and particle reprecipitation from dissolved species (green).

No clear particle growth or agglomeration can be seen, and a constant mean particle size

(represented by the equivalent diameter) of ∼5.9 nm is found during the cycles (Figure 4-9).

For the analysis, several hundreds of NPs have been evaluated to get statistical significant

information.
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Figure 4-9. Particle size distribution histograms at 0 (a), 1000 (b), 4000 (c) and 10 000 (d)
potential cycles. The mean diameter (µ) and standard deviation (σ) are provided in each
histogram.

A similar particle size distribution was found for the particles cycled directly after drop casting

on the glassy carbon electrode (Figure 4-6d). The fact that the mean particle size does not

increase during ASTs is indicative of the stability of the particles under cycling conditions.

Thus, the observed loss of current of the catalytic material cannot be attributed to a decrease in

the ECSA of the catalysts derived from NP growth. Nonetheless, small-particle nucleation is

observed after 10 000 cycles (Figure 4-7 and Figure 4-8, green arrows). Although it is possible

that part of the small particles could be originating from redeposition of Pt ionic species

dissolved from the Pt-wire counter electrode, small-particle nucleation was also observed when

a glassy carbon counter electrode was used (Figure 4-10). The presence of small Pt particles

was also reported in previous IL-STEM studies on Pt−Ni NPs and was attributed to the

dissolution and reprecipitation of catalytic species.144 Although the authors claimed that these

dissolved species could migrate on the carbon support and redeposit onto other particles,

resulting in Ostwald ripening, this is not observed in the mean particle size of the Rh@Pt/C

NPs, which indicates that this Ostwald ripening is not significant in our system for the chosen

µ= 5.8 nm
σ= 3.0 nm

µ= 6.0 nm
σ= 3.1 nm

µ= 6.0 nm
σ= 3.1 nm

µ= 5.7 nm
σ= 3.2 nm

a b

c d
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conditions. Besides the constant mean particle size, X-ray diffraction experiments on the

Rh@Pt/C NPs (Figure 4-6b) also reveal that the crystalline structure of the NPs did not change

during the potential cycles.

Figure 4-10. Small particle nucleation also takes place when using a glassy carbon counter
electrode as revealed by the HAADF-STEM micrographs (a,b).

During all of the AST cycles, particle movement (Figure 4-7 and Figure 4-8, purple arrows)

can be observed. This is a well-documented phenomenon occurring in PEMFCs,145–148 which

is caused by changes in the underlaying carbon support (i.e., the turbostratic carbon). Carbon

corrosion is thermodynamically possible at voltages E > 0.207 VRHE, and although it is

kinetically slow at typical PEMFC potentials, it is known to be catalyzed by the Pt present in

the catalyst NPs.148 This particle movement can result in particle aggregation and coalescence,

which decrease the ECSA of the catalyst and can be one of the main degradation mechanisms

behind the loss of performance in PEMFCs. However, the particle movement observed for the

Rh@Pt/C NPs during the potential cycles is subtle. Since the movement can take place both in

and out of plane, from the 2D projections, it cannot be properly quantified. To assess if the

Rh@Pt/C NPs have a tendency of decreasing their distance and would eventually get

aggregated if more cycles are performed, low-magnification HAADF-STEM tomography

experiments at different points of the potential cycles (0, 1000, 4000, 10 000) were carried out.

For the animated movies of the segmented reconstructed volumes, the reader is referred to the

web version of the article.64 Similarly to the HAADF micrographs, the low-magnification 3D

reconstructions also show particle movement during the potential cycles, which results in small

fluctuations in the average nearest neighbor distance (Figure 4-11). However, no clear trend

can be discerned, meaning that the Rh@Pt/C NPs are not significantly aggregated during the
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ASTs. Therefore, particle aggregation/agglomeration can be excluded as the main degradation

mechanisms of these particles.

Figure 4-11. Segmented tomograms at 0 (a) and 10 000 (b) cycles. (c) Changes in the nearest
neighbour distance during the ASTs, indicating that despite the particle movement, there is no
tendency towards particle aggregation/agglomeration.

Besides particle movement, another consequence of the turbostratic carbon support corrosion

is particle detachment, which results in the loss of catalyst material with the corresponding

drop in ECSA and PEMFC performance. During IL-STEM experiments, the detached particles

can (i) reattach in another region containing Rh@Pt/NPs, (ii) reattach on the TEM grid, and

(iii) be washed out by the electrolyte. Examples of particle reattachment from a different region

can be seen in Figure 4 (blue arrows), where particles that are not present at 0 cycles appear

after 1000 or 4000 cycles. Lower magnification images were also checked to discard the

possibility of particle migration from a neighboring region. Particle reattachment on the TEM

grid can also be observed frequently, since after potential cycling Rh@Pt particles without a

turbostratic carbon support can be found on the TEM grid (Figure 4-12a−c). Considering that

all of the particles were found deposited on the carbon support before the cycles, this is a clear

indication of particle detachment from the carbon support and reattachment on the TEM grid.
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Figure 4-12. Particle detachment due to C support corrosion. (a) Rh@Pt particles found after
1000 ASTs without a carbon support (blue arrows) that have reattached from other regions of
the sample. HAADF micrograph (b) and EDS map (c) of one particle. (d) Bright-field STEM
micrograph, showing the region where the EELS spectra (e) were taken at 0 and 10 000 cycles.

To see better the lack of turbostratic carbon support, intensity saturated micrographs of the area

depicted in Figure 4-12 are provided in Figure 4-13, together with carbon-supported Rh@Pt/C

NPs for comparison. When the carbon support is present, it can be clearly distinguished from

the amorphous carbon from the TEM due to the presence of graphitic (0001) planes.

Figure 4-13. Saturated HAADF-STEM micrograph of Rh@Pt/C NPs showing the difference
between the turbostratic carbon supported NPs (indicated with white arrows) vs particles
without carbon support (blue arrows).
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Moreover, particles being directly detached from the turbostatic carbon support were also

observed. HAADF-STEM images demonstrating this in different regions are presented in

Figure 4-14.

Figure 4-14. Particle detachment observed during the IL-STEM experiments in two different
regions (a,b).

These results indicate that particle detachment from the carbon support (as a consequence of

support degradation) is a relatively frequent phenomenon in Rh@Pt/C NPs. The degradation

of the carbon support was further confirmed by EELS (Figure 4-12d,e). The EELS spectrum

of the carbon K-edge before cycling is typical for graphitic carbon materials, with peaks

corresponding to transitions to antibonding π* states (∼285 eV) and antibonding σ* states

(∼292 eV).149 After 10 000 cycles, the intensity of these peaks decreased, demonstrating an

amorphization of the carbon support.150 Nonetheless, pronounced π* and σ* peaks are still

observed, indicating that the amorphization is partial and explains the moderate particle

movement and detachment observed in the IL-STEM experiments. A similar partial

amorphization was seen in a region not previously exposed to the electron beam (Figure 4-15,

red line), ruling out possible electron beam effects, and for the carbon support on the Rh@Pt/C

NPs cycled directly after drop casting on the glassy carbon electrode (Figure 4-6e).



4. Stability of Rh@Pt nanoparticles

47

Figure 4-15. EELS spectra after 10 000 cycles (red) of a region not previously explored with
the electron beam. A similar partial amorphization is seen as in the identical location region
(black before cycle, green after).

As previously discussed, no particle aggregation/agglomeration, significant catalyst

dissolution, or Ostwald ripening (Figure 4-7, Figure 4-9) is observed in the IL-STEM

experiments. Therefore, the lower current observed in Figure 4-4 and Figure 4-6a upon

electrochemical cycles is assigned to be predominantly caused by particle detachment from the

turbostratic carbon support. Efforts for increasing the stability of Rh@Pt/C particles should

focus on enhancing the support− NP interaction, which could be achieved by functionalizing

the support151, replacing it with another material, such as oxide-152 or graphene153-based

supports, or assembling the NPs into nanoassemblies that can have multiple anchoring points

with the substrate.16

Besides the previously mentioned degradation mechanisms, in bimetallic systems, other

phenomena can occur. For instance, in bimetallic Pt−Ru particles, preferential dissolution of

Ru can take place.50 Even in core−shell NPs, Ru-core dissolution can take place if the Pt-shell

is not fully covering the core51 or by thermally induced shape fluctuations of the shell,154 both

of which result in the less stable core metal being exposed to the electrolyte, with its consequent

dissolution. EDS spectral images were acquired during the ASTs to study the changes in the

elemental composition and distribution of the Rh@Pt/C NPs. In Figure 4-16, the elemental

distribution maps of a Rh@Pt/C NP are shown.
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Figure 4-16. Composition changes in Rh@Pt/C NPs during ASTs. HAADF-STEM
micrographs of the same region are shown at 0 (a) and 10 000 (b) potential cycles. As insets,
the EDS composition maps of the central NP are provided. (c) Evolution of the Pt/Rh at. %
ratio quantified from the EDS composition maps for 11 different particles.

EDS maps of other particles are provided in Figure 4-17. These results reveal an identical

core−shell structure before and after the ASTs, indicating the compositional stability of the NP

system.

Figure 4-17. Selected HAADF-STEM micrographs and EDS maps showing the composition
and elemental distribution changes in Rh@Pt/C NPs during the ASTs.
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Moreover, no Rh preferential dissolution is detected, since the composition of the particles

remains unaltered during potential cycling, with only small variations of up to 3 at. % (near the

sensitivity of the technique) that do not follow a clear trend (Figure 4-16c). This is in good

agreement with the HR-STEM observations and EDS composition maps performed on

particles cycled directly after drop casting on the glassy carbon electrode (Figure 4-6c), which

further prove the preservation of the core−shell structure.

This was further confirmed in lower magnification EDS experiments in order to increase the

statistics in the measures (Figure 4-18). Figure 4-18 corroborates that there are no significant

changes in the elemental composition during the ASTs. This is most likely caused by the full

Rh core encapsulation (Figure 4-1, Figure 4-3) and by the higher electrochemical stability of

Rh than Ru.53

Figure 4-18. Composition at 0 (a), 1000 (b), 4000 (c) and 10 000 (d) potential cycles. The Pt
and Rh atomic ratio from the region delimited by a purple square is provided.
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Even though the size and composition of Rh@Pt/C NPs remained practically constant during

potential cycles, a careful analysis of high-resolution STEM micrographs shows that changes

at the atomic level took place (Figure 4-19).

Both dissolution (i.e., atoms present at 0 cycles that are not present after 10 000 cycles) and

redeposition (i.e., atoms not present in the as-synthesized particle, that appear after the ASTs)

of atomic columns can be observed. These two phenomena occur in the surface steps involving

atoms with unsaturated bonds. A similar behavior was reported by Rasouli et al.144 for Pt−Ni

NPs in more oxidative conditions (0.6−1.1 VRHE), in which the atoms on high-energy sites

(steps and kinks) dissolved during potential cycling. Our results indicate that in the case of

Rh@Pt/C NPs atomic column dissolution can take place, even under the milder conditions used

for our ASTs. Beyond dissolving in the electrolyte, these species can either redeposit on

previously existing particles or nucleate forming small particles, as seen in Figure 4-7 (green

arrows), explaining their origin.

Figure 4-19. Atomic scale changes in Rh@Pt/C NPs after 10 000 cycles. The same particle at
0 (a, b,c) and 10 000 (d,e,f) cycles is shown. The atomic column positions of the outermost
three atomic layers are indicated by yellow dots. The pink dots indicate those atomic columns
that dissolved during the ASTs, while the blue dots indicate those that got redeposited.

To sum up, our results indicate that Rh@Pt/C NPs are very stable systems under the studied

conditions, as opposed to comparable Ru@Pt/C NPs.51,52 Moreover, they also point out that
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particle detachment from the turbostratic carbon support is the main phenomenon causing the

loss of active catalyst material in Rh@Pt/C NPs during ASTs. Therefore, efforts for increasing

the stability should focus on enhancing the carbon support−particle interaction or on finding

different support materials.

4.3 Conclusions

In the present work, the stability of Rh@Pt/C NPs obtained via a two-step polyol synthesis was

explored. After initial characterization of the particles showing a complete Rh-core

encapsulation, accelerated stress tests in the form of potential cycles (0.06−0.8 VRHE, 10 000

cycles) were performed on a bulk electrode and a TEM grid. The loss of activity seen in the

voltammograms during the potential cycles was correlated to the morphological and

compositional changes observed on the TEM grid in IL-STEM experiments.

The main degradation mechanism affecting the Rh@Pt/C NPs was found to be particle

detachment from the carbon support. Although atomic column dissolution and redeposition

were observed, no significant changes in the particle size or composition were detected.

Our results indicate that Rh@Pt/C particles are very stable under the tested electrochemical

conditions and point out that efforts to improve even further the stability should focus on

enhancing the support−particle interaction.

4.4 Experimental methods

Rh@Pt/C NPs synthesis

Carbon-supported Rh@Pt/C NPs were prepared via a two-step polyol synthesis. The detailed

synthesis protocol has been previously described elsewhere.52 A nominal catalyst loading of

21.1 wt % Rh and 20.0 wt % Pt was used. The carbon support was Cabot FCX 400.

Electrochemical cycling

To study the degradation of the Rh@Pt/C NPs, these were subjected to ASTs by cyclic

voltammetry acquired in a three-electrode setup. As counter and reference electrodes, a Pt wire

(Redoxme) and a RHE (Gaskatel) were respectively used. The system was controlled by a

Gamry 600 reference potentiostat. Before the ASTs, a 0.5 M sulfuric acid electrolyte (H2SO4,

Suprapur, Sigma-Aldrich) was purged for 30 min with argon. The potential window was chosen

between 0.06 VRHE and 0.8 VRHE, and a total of 10 000 cycles were carried out, conditions

previously used for studying the degradation of an anode catalyst in PEMFCs.51,52
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The Rh@Pt/C-glassy carbon working electrode was obtained by drop casting 10 μL of ink (1

mg of Rh@Pt/C + 30 μL of Nafion + 2 mL of isopropanol) in a polished glassy carbon

electrode. After the cycles, the electrode was scratched to detach some of the cycled Rh@ Pt/C

NPs, which were later characterized using X-ray diffraction (XRD) and STEM.

Additionally, to study how individual Rh@Pt/C NPs changed during potential cycles in

identical location conditions, 10 μL of a 0.28 mg/mL dispersion of Rh@Pt/C on deionized

(DI)-water (0.055 μS/cm) was drop cast onto a holey carbon-coated Au TEM finder grid and

left drying overnight. After the initial characterization of the Rh@Pt/C NPs, this TEM grid was

fixed on a glassy carbon electrode with a holey Teflon cap and used as a working electrode on

the same three-electrode setup. This allowed for tracking changes in specific regions (and

particles within those regions) between 0, 1000, 4000, and 10 000 potential cycles.

(S)TEM characterization

HR-TEM micrographs of the as-synthesized Rh@Pt/C NPs were obtained in an image-

corrected Titan Themis microscope (Thermo Fisher Scientific) operated at 300 kV. The

corrector was set to introduce negative spherical aberration on the objective lens, which

together with an overfocus results in bright atom contrast.95 The TEM images were recorded

on a CMOS 4k × 4k camera.

The Rh@Pt/C NPs were characterized as synthesized and after 1000, 4000, and 10 000

potential cycles by means of STEM. STEM micrographs were acquired in a probe-corrected

Titan Themis microscope (Thermo Fisher Scientific) operated at 300 kV by using a HAADF

detector. A convergence angle of 23.8 mrad was used, resulting in a probe of around 0.1 nm.

3D atomic models were constructed from the STEM micrographs using the Rhodius

software.155,156 The equilibrium thermodynamic shape was built taking as a reference the Wulff

construction for Rh.157 EDS spectral images were acquired to study the chemical composition

and elemental distribution of Rh@Pt/C NPs. To minimize the electron-beam-induced damage

on the particles, the acquisition time of the EDS spectral images was limited to 5 min and they

were only taken on the as-synthesized NPs and at the end of the AST (after 10 000 cycles).

Moreover, HAADF micrographs before and after the acquisition were taken and compared to

rule out electron-beam-induced morphological changes. Quantification from the EDS spectral

images was performed with the Cliff-Lorimer method.158 EELS data were acquired in STEM

mode with a dispersion of 0.100 eV per channel and a pixel acquisition time of 1 s using the

Quantum Gatan imaging filter. All of the spectra were acquired on NPs lying on holes of the
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TEM grid, to avoid the contribution from the carbon of the grid. For the high-resolution STEM-

HAADF tomography, a “cubed” aberration-corrected Thermo Fisher Titan X-Ant-EM

operating at 300 kV was utilized to acquire the HAADF-STEM projections. In addition, to

study the nearest neighbor distance variation during potential cycles, low-magnification

tomography was performed.

The acquisition of the high-resolution tomography of the as-synthesized NPs was performed

following a specific methodology to minimize the beam damage. Projections were acquired

using a Fischione model 2020 single tilt holder over a tilt range of 72° with angular increments

of 3°. At each tilt, 5 frames were acquired with a 1.5 µs dwell time, while the image resolution

was set to 2048x2048 pixels. Next, we used these images as input for a non-rigid registration

method in combination with a convolutional neural network (CNN) 159. The obtained series

were aligned using cross-correlation and 3D reconstructions were obtained using the

Simultaneous Iterative Reconstruction Technique (SIRT) algorithm, as implemented in Astra

Toolbox101. This volume was then segmented based on the voxel intensity, to differentiate

between the Rh core and the Pt shell. On the other hand, to study the changes of the Rh@Pt/C

NPs in 3D at lower magnification, tilt-series between -65° and +65° with angular increments

of 5° were acquired with a single tilt holder (Fischione Instruments, Model 2020) using the FEI

Tomography software, aligned102,160 and reconstructed using open source Python libraries. The

reconstruction was performed using 100 iterations of SIRT, as implemented in TomoPy99,161.

The reconstructed volumes were then segmented using the watershed algorithm160 and

visualized with Napari100. The nearest neighbor distance was calculated from the location of

the central voxel (3D-pixel) in each of the segmented NPs. The relatively big angular

increments of 5° during the tilt-series acquisition of the low magnification tomography were

chosen as a compromise between the number of projections (resolution of the reconstruction)

and electron dose received by the NPs, especially considering that several tilt series of the same

region at different potential cycles were acquired.

X-ray diffraction experiments

The XRD experiments were performed on a Rikaku Smartlab 9kw diffractometer, using a

micro area optics setup and Cu Kα radiation as an X-ray source. The cycled particles for the

XRD experiments were obtained by scratching the cycled Rh@Pt/C-glassy carbon working

electrode.
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5 Expanding the Potential of Identical Location Scanning

Transmission Electron Microscopy for Gas Evolving Reactions

Note: The following chapter is based on the publication “Rh@Pt Electrochemical Stability of

Rhodium−Platinum Core−Shell Nanoparticles: An Identical Location Scanning Transmission

Electron Microscopy Study”, by M. Vega-Paredes, C. Scheu and R. Aymerich Armengol in

ACS Applied Materials and Interfaces 2023, 15, 46895-46901. Therefore, the personal pronoun

”we” is used throughout this chapter to refer to the group of researchers that were part of this

specific study.

After having seen the potential of identical location STEM in determining the degradation

mechanisms of fuel cell catalysts in Chapter 4, here we explore how to apply it to gas-evolving

reactions like those involved in the production of green H2.

In general, IL-STEM provides valuable insights into the mechanisms of activity and

degradation of nanocatalysts during electrochemical reactions. However, the technique suffers

from limitations that hinder its widespread use for nanocatalysts of gas-evolving reactions e.g.

the hydrogen evolution reaction. The main issue is the production of bubbles that cause the loss

of electric contact in the identical location measurements, which is critical for the correct

cycling of the nanocatalysts and interpretation of the electron microscopy results. Herein, we

systematically evaluate different set-ups, materials and tools to allow the facile and reliable

study of the stability of HER nanocatalysts. The optimized conditions are applied for the study

of layered rhenium molybdenum disulfide (Re0.2Mo0.8S2) nanocatalysts, a relevant alternative

to Pt catalysts for the HER. With our approach, we demonstrate that although the morphology

of the Re0.2Mo0.8S2 catalyst is maintained during HER, chemical composition changes could

be correlated to the electrochemical reaction. This study unlocks the potential of the IL(S)TEM

technique for the construction of structure-property relationships of nanocatalysts of gas-

evolving reactions.

5.1 Introduction

IL-(S)TEM is a powerful technique to study the stability of nanocatalysts during

electrochemical reactions162,163. In IL-(S)TEM, the same region of a TEM specimen is analyzed

before and after electrochemical testing. This methodology allows for the direct correlation of

the morphological and compositional changes of nanocatalysts to the electrochemical

conditions they were subjected to, thus providing insights into the corrosion mechanisms58,64
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or the nature of the active species164 down to the atomic scale. When compared to in-situ liquid

cell (S)TEM108, IL-(S)TEM possesses the advantages of higher spatial resolution, longer-term

studies of up to several thousands of potential cycles, and reduced electron beam-induced

effects, which can produce undesirable side reactions. 37,165

First introduced by Mayrhofer et al. 110,166, IL-(S)TEM was originally developed for the study

of the degradation of fuel cell nanocatalysts, with several studies focusing on the effects of

oxygen reduction reaction167,168 and ramping up/down conditions58,169 on the nanocatalysts.

When applied to such fuel cell nanomaterials, processes like Ostwald ripening, particle

detachment, movement, agglomeration and dissolution were identified as corrosion

mechanisms170–172.

However, beyond fuel cell technology, the IL-(S)TEM method has only mildly expanded to

other electrochemical application fields, such as batteries173,174 and water-splitting catalysis.

Water-splitting converts water to oxygen and hydrogen gases through the oxygen evolution

and the hydrogen evolution reaction, respectively175–178. These reactions have recently attracted

a lot of interest as a method of obtaining green hydrogen fuel, key for the successful

decarbonization of the economy179,180. Nevertheless, to date, only a few degradation studies on

materials such as Ir-based181–183, perovskite164 or Ni/Fe-based184 OER catalysts have been

conducted with IL-(S)TEM. When it comes to HER, even fewer investigations on Pt-based

nanoparticles have been reported111,185.

The reduced number of IL-(S)TEM research on gas evolving reactions can be related to their

intrinsic difficulty37,111: the bubbles formed on the TEM grids do not easily release, thus

blocking their surface and preventing electrical contact with the electrolyte. When the electrical

contact is lost, the nanomaterial can no longer catalyze the reaction, and therefore no corrosion

mechanisms nor active species can be identified. This problem is especially severe for HER,

and existing studies for gas evolving reactions had to resort to the use of expensive modified

rotating disk electrodes185, specialized equipment such as the modified floating electrode186,187,

or keeping an unrealistically low overpotential of 100 mV to avoid energic bubbling111. Besides

limiting the potential applications of IL-(S)TEM, such pitfalls also jeopardize the correct

interpretation of the results of IL-(S)TEM conducted in catalysts with high electrochemical

stability, e.g. noble metals or materials such as MoS2-based nanocatalysts24, where the absence

of structural corrosion could be attributed both to loss of contact due to bubbles and to the
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inherent stability of the material. Therefore, it is still necessary to develop a reliable and widely

accessible methodology for performing IL-(S)TEM on HER catalysts.

Herein, we explore different IL-(S)TEM methods to enable the study of HER nanocatalysts.

From different electrical connections of the TEM grid to the working electrode and materials

used for the set-up to the electrochemical conditions, we determine an easy approach for

conducting reliable IL-(S)TEM investigation for HER which can be widely implemented due

to its simplicity. Moreover, we applied the optimized procedure to investigate the

morphological and chemical stability of Re0.2Mo0.8S2 nanocatalyst across electrochemical

testing through 4000 cyclic voltammetries conducted in the range from 0 to -0.25 VRHE. We

selected RexMo1-xS2 nanocatalysts as an ideal case study due to their high activity and stability

under HER conditions188,189, making the correct interpretation of the IL-(S)TEM results

especially critical. We found that connecting the grid to the working electrode using tweezers

of an inert metal (as opposed to the typically used glassy carbon electrode) is a reliable,

reproducible and easy-to-implement method that can be widely adapted by the community,

unlocking the huge potential of IL-STEM to the water splitting field, were the stability of the

catalysts is yet the bottleneck for the practical application of acid electrolyzers.

5.2 Results and Discussion

Technique development

To enable electrochemistry on a TEM finder grid it has to be connected as the working

electrode. The electrical contact is usually ensured by fixing the grid on a glassy carbon rod

electrode with a Teflon cap with a hole to ensure electrolyte-grid contact58 (Figure 5-1a).

Alternatively, the TEM grid can also be connected with through a wire133 or tweezers136 of an

inert material in the conditions of study (Figure 5-1b,c).

Figure 5-1. Scheme of the methods for connecting a TEM finder grid as a working electrode.
(a) glassy carbon rod and a Teflon cap, (b) a conducting wire and (c) tweezers. Experimental
(d) and schematic (e) set-up used for the IL experiments. RE is the reference electrode, CE is
the counter electrode and WE is the working electrode.
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To systematically compare the performance of these methods for the study of HER, 20 cyclic

voltammetries were performed with Au/C grids containing Re0.2Mo0.8S2 nanocatalysts at 10

mV/s of scan rate from 0 to -0.3 VRHE (Figure 5-2). To prevent current loss derived from

particle detachment, the grid was loaded with an ink of the active Re0.2Mo0.8S2 nanomaterial

and Nafion. As blank measurements, CVs with an unloaded Au grid and without a grid were

also acquired for each method.

Figure 5-2. Comparison of the different methods of electrical contact of the TEM grids for IL-
(S)TEM, (a) glassy carbon, (b) Au wire, (c) Au tweezers and (d) Ti tweezers. The potential was
cycled from 0 to -0.3 VRHE at a scan rate of 10 mV/s.

The electrochemical results when using the glassy carbon rod electrode in Figure 5-2a show

that the bare glassy carbon rod has a low current intensity in the potential range analyzed, which

is increased when attaching an Au TEM grid confirming the electrical contact. Loading the
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TEM grid with Re0.2Mo0.8S2 nanocatalyst resulted in a larger HER current. However, the

electrical contact is reduced until being completely lost during HER, as evidenced by the

current drop even below the GC baseline in the 20th CV (Figure 5-2a, red arrow). Specifically,

the drop of current occurred at the 16th CV (Figure 5-3).

Figure 5-3. Loss of electrical contact in the 16th CV when cycling the sample using a glassy
carbon rod electrode and Teflon cap for electrical contact and cycling from 0 to -0.3 VRHE at
10 mV/s.

The loss of contact is explained by the evolution of hydrogen gas from the Re0.2Mo0.8S2

nanocatalyst on the TEM grid. Unable to completely detach from the interface between the grid

and the Teflon cap, the hydrogen bubbles grow, eventually covering completely the hole of the

Teflon cap that provides contact of the electrolyte with the glassy carbon and TEM grid (see

schematic in Figure 5-4).

Figure 5-4. Mechanism of loss of electric contact due to gas evolution occurring when using
the glassy carbon rod electrode and a Teflon cap.

The experiment was also performed with a higher scan rate of 100 mV/s to account for milder

gas evolution conditions, yet the contact was also lost by the 40th CV (Figure 5-5). Thus, the
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typical IL-(S)TEM approach using glassy carbon rod electrodes proved unsuitable for the study

of HER catalysts.

Figure 5-5. (a-d) Progressive loss of electrical contact when cycling the sample using the
glassy carbon rod electrode with Teflon cap cycling from 0 to -0.25 VRHE at 100 mV/s. At the
40th cycle, there is no more measurable current due to the loss of electric contact derived from
bubbles.

The use of a metallic wire as a method of electric contact (Figure 5-1b), in which the grid is

pierced with the wire to mount it, was tested next using an Au wire. Despite minimizing the

area of gold exposed from the wire by covering part of the surface with Teflon tape, the baseline

current derived from the Au wire had higher intensity (Figure 5-2b). This is detrimental for

the IL-(S)TEM measurements, as the current passing through the sample becomes very

sensitive to the area of exposed Au from the wire, affecting both the stability of the

nanocatalysts and the reproducibility of the measurement (Figure 5-6).
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Figure 5-6. Different replicate runs of CVs were performed on Re0.2Mo0.8S2 nanocatalysts
loaded on the Au TEM grid using (a) the Au wire, (b) the Au tweezers and (c) the Ti tweezers
method. The electrochemical measurements were performed at a scan rate of 100 mV/s.

Nevertheless, with this method, the contact with the TEM grid with and without Re0.2Mo0.8S2

nanocatalyst was still confirmed in the form of a current increase. During the 20 CVs of the

test, no loss of electric contact was observed, which can be attributed to the comparatively

larger area of the TEM grid exposed to the electrolyte, promoting bubbles release to the

electrolyte. However, this method of electrical contact produced noisy electrochemical data

due to the movement of the gold wire and the grid itself in the stirred electrolyte, as well as the

stronger bubbling of hydrogen from the gold wire surface. Such bubbles were observed along

the wire and distributed all across the grid surface, but especially on the interface of the Au

wire and TEM grid (see schematic in Figure 5-7).
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Figure 5-7. Schematic showing loss of current mechanism by the growth of bubbles on the
TEM grid and Au wire.

The uncontrolled build-up of bubbles across the TEM specimen surface prevents the correct

interpretation of the IL-(S)TEM data, since there is no guarantee of electrical contact with the

electrolyte in the areas of analysis during the electrochemical experiment. Similar results in

terms of bubble build-up and data noisiness were obtained despite the attempt to lower the

background current with a wire material with a lower current such as W (Figure 5-8a). Using

a Ti wire also produced data noisiness (Figure 5-8b). Due to these issues and to the fact that

the wire method of contact also compromises the structural integrity of the TEM grid as a hole

needs to be made on it, an alternative method was pursued.

Figure 5-8. CV from 0 to -0.3V at 100 mV/s using a (a) W wire and (b) Ti wire. Notice that the
Ti wire suffers from a clear surface activation process.

Finally, metallic tweezers were used as electric contact for the TEM specimen. Figure 5-2c

and Figure 5-2d show the CV results using Au and Ti tweezers, respectively. Compared to the

metallic wire method, the electrochemical data acquired with tweezers is less noisy, which can
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be attributed to the improved fixation of the grid from one side by the tweezers. Furthermore,

the bubbles are also easily detached from the surface of the grid due to the mild movement that

the fixation still allows, and only a few of them are stuck exclusively at the interface between

the tweezers and the grid (Figure 5-9).

Figure 5-9. Gas evolution on the TEM grid when cycling from 0 to -0.3 V vs. RHE using (a)
Au tweezers, 1 mV/s of scan rate, cycle 20 (b) Ti tweezers, 1 mV/s of scan rate, cycle 20. Gas
evolution on the TEM grid when cycling from 0 to -0.25 V vs. RHE using (c) Ti tweezers, 100
mV/s of scan rate, cycle 1000 (d) Ti tweezers, 100 mV/s of scan rate, cycle 4000. The TEM grid
diameter is 3 mm. Notice that bubbling in the Au tweezers set-up is stronger and the bubbles
are distributed all over the grid surface, while in the Ti tweezers approach, only a few bubbles
stay exclusively at the tweezer-grid interface.

Thus, the (S)TEM can be conducted and interpreted as long as the areas of analysis are taken

on the opposite side of the grid.

Since the Au tweezers showed less reproducibility on the current response among replicates

than Ti tweezers (Figure 5-6b, c), the latter was the method of choice for reliable IL-(S)TEM

for HER. The lower reproducibility of the Au tweezers was attributed to the higher HER

activity of Au compared to Ti. Since Au has higher HER activity, small changes in the area of

tweezers submerged will have a noticeable impact on the overall HER current

Similar results were found when increasing the scan rate to 100 mV/s (Figure 5-10),

evidencing the versatility of the tweezers method.
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Figure 5-10. Comparison of the different methods of electrical connection of the TEM grids
for IL-(S)TEM at 100 mV/s, (a) Glassy carbon rod electrode, (b) Au wire, (c) Au tweezers and
(d) Ti tweezers. The potential was cycled from 0 to -0.3 V vs. RHE for 20 cycles.

IL-STEM on Re0.2Mo0.8S2 nanocatalysts

Before conducting IL-STEM measurements, 4000 CVs were conducted from 0 to -0.25 VRHE

on a Re0.2Mo0.8S2 electrode grown on a carbon paper substrate (Re0.2Mo0.8S2/CP). Scanning

electron microscopy (SEM) images of the electrode are given in Figure 5-11, showing a

homogeneous coating of the CP substrate by the Re0.2Mo0.8S2 nanostructures.

The results of the CV measurements on this electrode are provided in Figure 5-12a. The results

demonstrate that the reaction overpotential did not suffer any detectable changes, which

showcases the high electrochemical stability retained by this material.
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Figure 5-11. SEM micrographs showing the surface of Re0.2Mo0.8S2/CP electrode. (a)
Overview showing fibers and flat area. (b) Detail of a CP fiber covered with the Re0.2Mo0.8S2
nanoflowers layer. (c) Detail of a CP flat area covered with the Re0.2Mo0.8S2 nanoflowers.

To understand whether the morphology was equally maintained stable or whether some

changes and/or degradation occurred, the 4000 CVs were subsequently performed in an IL-

STEM set-up using the Ti tweezers to establish the electric contact (Figure 5-12b).

Figure 5-12. 4000 CVs of Re0.2Mo0.8S2 acquired from 0 to −0.25 VRHE (a) Re0.2Mo0.8S2/CP
electrode. (b) Re0.2Mo0.8S2/Au/C TEM grid, acquired with Ti tweezers.
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The current was maintained fairly stable across the 4000 CVs measured, with a small increase

possibly derived from the activation of the Ti tweezers. An increase of the same order of

magnitude is observed in the current of the 4000 CV for the Ti tweezers without any sample,

confirming its origin in the tweezers themselves (Figure 5-12, Figure 5-13). This increase may

be related to an activation of the Ti metal surface, which is passivated at air conditions. Despite

the Ti being stable against corrosion at diluted sulfuric acid conditions, we hypothesize that

such acid conditions summed to the reducing potential conditions of the HER regime may

affect such passivation layer, leading to an increase of current.

The only bubbles observed after the 4000 CVs on the IL-STEM grid were exclusively localized

on the grid-tweezer interface, far from the areas where the STEM analyses were conducted

(Figure 5-9), which is key for a reliable interpretation of the results.

Figure 5-13. 4000 CV performed on the Ti tweezers from 0 to -0.25 VRHE at a scan rate of 100
mV/s. Notice that there is an increase of current that stabilizes after 3000 CV of value ~0.01
mA.

Figure 5-14 shows the morphological evolution of the Re0.2Mo0.8S2 nanomaterials during

electrocatalysis. These catalysts possess a nanoflower structure made up of few-layered

nanosheets assembled in a porous 3D structure. Such morphology is maintained down to the

nanometric scale without visible changes after the 4000 CVs. These results are consistent with

the high stability observed in the electrochemical measurements (Figure 5-12). However, in a

few areas at the edges of the nanoflowers, some redistributed material was observed (Figure

5-14d) as a result of the electrochemical cycling.
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Figure 5-14. (a-d) Different areas imaged in identical location conditions before and after
4000 CVs showing the morphology evolution of Re0.2Mo0.8S2 nanocatalyst.

EDS measurements were performed in such areas to understand the composition of the

appeared layer of material. The measurements (Figure 5-15) revealed that the redistributed

material on the edges of Re0.2Mo0.8S2 nanoflowers is exclusively composed of carbon, oxygen,

and fluorine, matching the composition of the Nafion binder used for the Re0.2Mo0.8S2 ink drop

cast on the TEM specimen. This partial redistribution of the Nafion did not hinder the

morphology comparison among cycles and further confirmed the successful electrochemical

cycling conducted on the grid.  A similar Nafion degradation after cycling was observed in an

area not previously imaged, ruling out a possible electron beam-induced effect.

Figure 5-15. (a) HAADF-STEM image and corresponding EDS elemental maps (b-g) of an
area with Nafion attached to the edge of the Re0.2Mo0.8S2 nanocatalyst.
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In addition to the morphology analyses, EDS studies were also conducted in IL-STEM to track

changes in the chemical composition of the nanocatalyst (Figure 5-16). Figure 5-16d shows

the evolution of the oxygen content normalized by the sulfur in several IL-STEM areas

(Normalized O at.% = 100(at. % O/(at.%O + at.%S)). To avoid the contribution of the oxygen

content of the carbon layer of the TEM grid, the quantifications were performed in nanoflowers

exposed to the vacuum of a hole in the TEM grid. The results show that the oxygen content

dropped in most of the nanoflowers analyzed, with an average decrease of 6 at. %. This is also

observed when in the EDS maps, which show a lower oxygen content with respect to sulfur

despite maintaining the morphology of the nanoflower assembly (Figure 5-16a, b). The initial

oxygen content on the fresh material is related to the molybdenum precursor and the

temperature used during the hydrothermal synthesis. Previous reports demonstrated that below

220°C, this synthesis yields MoS2 with a percentage of Mo-O bonds stemming from unreacted

molybdenum precursor190,191. Such oxygen leads to an enhanced HER performance due to

improved conductivity derived from a narrower band gap190. Our IL-STEM investigation

indicates that the reducing conditions at which the Re0.2Mo0.8S2 nanoflowers were subjected to

evolve hydrogen lead to the reduction of this oxygen content.

Figure 5-16. Composition changes during IL-STEM analyzed by EDS. (a) HAADF-STEM
image and corresponding composition maps showing the distribution of (b) oxygen and sulfur
and (c) rhenium and molybdenum before and after 4000 CVs. Evolution of the normalized
oxygen (d) and rhenium (e) content during 4000 CV in different IL-STEM areas.
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However, in the span of 4000 cycles, this decrease did not affect the HER activity of the

Re0.2Mo0.8S2 nanocatalyst, which is mainly boosted by the rhenium content. As such, the

stability of the Re is crucial for the long-term maintenance of the catalytical performance46,188.

Thus, the normalized Re at.% (normalized Re at.% = 100(Re at.%/(Re at.% + Mo at.%)) was

also compared in IL-STEM by EDS. Contrary to the oxygen content, the Re content was

maintained stable in all areas of analysis (Figure 5-16c, e) with an average of 21 at.% Re at

cycles 0 and 4000, which explains the excellent stability of the Re0.2Mo0.8S2 activity for HER

shown in Figure 5-12.

Overall, the IL-STEM results of the Re0.2Mo0.8S2 indicate high electrochemical stability and

confirm that the tweezers method of electrical connection of the TEM grid in IL-STEM set-up

is suitable for the analysis of HER nanocatalysts, opening the door for a simple to implement,

reliable and reproducible method for unlocking the potential of IL-(S)TEM on gas evolving

systems, which can contribute on the development of the next generation of electrocatalysts for

such reactions.

5.3 Conclusions

Different IL-(S)TEM set-ups, namely the use of glassy carbon rod and Teflon cap, metallic

wires and metallic tweezers, were tested and compared for the study of HER nanocatalysts.

The use of metallic tweezers proved to be the only easy and reliable approach to perform IL-

(S)TEM measurements for gas-evolving reactions. With this approach, the stability of

Re0.2Mo0.8S2 nanocatalysts was successfully analyzed by means of 4000 potential cycles until

-0.25 VRHE, which are realistic and common conditions for the study of the stability of HER

catalysts. The IL-(S)TEM microscopy results confirmed excellent retention of the layered

nanoflower morphology of the nanocatalyst and the Re and Mo stoichiometric ratio was

maintained stable. Nevertheless, the presence of oxygen stemming from the synthesis

precursors, which has been related to enhanced performance on MoS2-based nanocatalysts, was

observed to decrease as a result of the electrochemical test. The approach to achieve reliable

electrical contact can be directly applied to stability studies of other nanocatalysts and gas-

evolving reactions, unlocking the potential of the IL-(S)TEM to other areas of research where

the stability of the catalysts is still the bottleneck.
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5.4 Experimental section

Materials

Sulfuric acid (H2SO4, Suprapur, Sigma-Aldrich) and deionized water (0.055 S/cm2) were used

as electrolyte for electrochemical measurements. Ammonium heptamolybdate tetrahydrate,

((NH₄)₆Mo₇O₂₄·4H2O, 99.98%, ammonium perrhenate (NH4ReO4, >99%, Merck), Sigma-

Aldrich), thiourea (SC(NH₂)₂, >99.0%, Sigma-Aldrich) and ethanol (EtOH, >99.8, Carl Roth)

were used for the synthesis of Re0.2Mo0.8S2 nanoflowers. Nafion (5 wt.% in a mixture of

alcohols and water, Sigma-Aldrich) and isopropanol (iProp, 99.9%, Schmitz) were used to

prepare an ink to drop cast on the TEM grids. Hydrophilic carbon paper (CP, HCP030N,

Hesen) substrates were used to synthesize Re0.2Mo0.8S2/CP electrodes.

Synthesis

Re0.2Mo0.8S2 nanoflowers were synthesized with a hydrothermal approach192. 10 ml of a

solution containing 0.99 g of (NH₄)₆Mo₇O₂₄·4H2O, 2.28 g of SC(NH₂)₂ and 0.38 g of NH4ReO4

was heated for 20 h at 200 °C inside an autoclave. After cooling down to room temperature,

the black product was cleaned by centrifugation-redispersion cycles in water and ethanol.

Finally, the suspension was dried at 110°C and the powder was ground in an agate mortar.

To prepare Re0.2Mo0.8S2/CP electrodes the hydrothermal synthesis was modified diluting 2700

times the concentration of the precursor solution and two carbon paper substrates of a size of

2 cm x 1 cm were included in the autoclave for heat treatment, with an area of 1 cm2 covered

with Teflon tape. No nanoflowers grew on such a covered corner of the electrode, which was

later used for making the electric connection with the potentiostat.

Electrochemical measurements

The IL(S)TEM electrochemical measurements were performed in a three-electrode set-up with

a Gamry Reference600 potentiostat using a RHE (Gaskatel) as a reference and a glassy carbon

rod (6/60 mm, Redoxme) as the counter electrode. Holey carbon gold TEM finder grids (Plano)

were used as the working electrode. The working electrode connection was secured either with

a glassy carbon electrode (3 mm electrode size, BioLogic), an Au wire (0.6 mm diameter,

>99.99%, Redoxme), a Ti wire (0.5 mm, 99.99%, Thermofisher), reverted Au tweezers (Plano)

or reverted Ti tweezers (Plano). The active surface area in contact with the electrolyte was

limited using Teflon tape to wrap the Au wire and Au/Ti tweezers in order to control the

background current and effectively estimate the surface of the working electrode for
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normalization of the current. All measurements were performed in 0.5 M H2SO4 degassed with

Ar while stirring. Ohmic drop correction was applied to all measurements before plotting.

The electrochemical measurements on the Re0.2Mo0.8S2/CP electrode were conducted on an H-

cell separated with a Nafion membrane. The reference electrode was an RHE and a GC rod

was used as counter, while the electrolyte (0.5 M H2SO4) was degassed with Ar and

continuously stirred. 4000 CVs were conducted at a scan rate of 100 mV/s from 0 to -0.25 V

vs. RHE, and every 1000 cycles a slow CV at a scan rate of 1 mV/s was acquired. The

potentiostat used was a Metrohm PGSTAT-204. Ohmic drop correction was applied to all

measurements before plotting to ensure a fair comparison of the different electric contact

methodologies.

Electron microscopy measurements

To prepare the TEM grids, an ink containing 5 mg of Re0.2Mo0.8S2 catalyst powder and 10 µL

of a Nafion solution in 2 mL of isopropanol was prepared from which 30 µL were drop cast.

The STEM measurements were conducted at 300 kV acceleration voltage in a Titan Themis

60-300 from Thermofisher equipped with a probe aberration corrector. The EDS was

performed using the Bruker Super X-EDS detector of the instrument. The SEM measurements

were conducted in a ZEISS Gemini microscope with an in-lens secondary electron detector.
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6 Fe-Incorporation in Ruddlesden-Popper Faults for Enhanced

Oxygen Evolution in LaNiO3 Perovskites

Note: The following Chapter is based on the publication “Fe-incorporation in Ruddlesden-

Popper faults for enhanced oxygen evolution in LaNiO3 perovskites”, by M. Vega-Paredes et

al., currently under preparation. Therefore, the personal pronoun ”we” is used throughout this

chapter to refer to the group of researchers that were part of this specific study.

Having found that the tweezers method enables the performance of IL-STEM experiments on

gas-evolving reactions, we apply it to the study of perovskite oxide catalysts for the oxygen

evolution reaction, which are key for the production of green hydrogen.

Perovskite oxides are an important class of catalysts for alkaline oxygen evolution. Strategies

for enhancing their catalytic activity include adding Fe traces to the electrolyte and modifying

the atomic structure locally by introducing defects such as Ruddlesden-Popper (RP) planar

faults. However, how trace amounts of Fe in the electrolyte affect the structure of the active

RP faults remains unexplored. Here, we study the local structural changes of RP-rich LaNiO3

perovskites during oxygen evolution when Fe traces are intentionally added to the electrolyte.

We demonstrate that Fe incorporates into the RP faults, causing them to expand. As a

consequence, compressive strain gets induced into neighboring LaNiO3 layers, which has been

shown to boost the catalytic activity of LaNiO3. Our results provide new mechanistic insights

into how to increase the oxygen evolution activity of perovskite oxide materials.

6.1 Introduction

The oxygen evolution reaction is a key electrochemical process that limits the performance of

water electrolyzers and metal-air batteries due to the sluggish kinetics of the four-electron

transfer process.193,194 In acidic media, iridium and ruthenium-based oxides have been shown

to possess the best OER performance, both in terms of activity and stability.195,196 Nonetheless,

the high cost and scarcity of noble metals Ir and Ru have driven the search for alternative, non-

precious metal-based OER catalysts, among which transition metal oxides have emerged as

promising candidates due to their relatively high activity and stability under alkaline

conditions.5,197

In particular, perovskite oxide materials, of the general form ABO3, have garnered much

attention.198–200 The A-site is typically occupied by rare-earth or alkaline metals, while a

transition metal fills the B-site201,202 Complete or partial substitution of A or B-site cations
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offers perovskite oxides a high composition tunability, which allows for the optimization of

their geometric and electronic structures, and therefore their OER activity.198–200

Nonetheless, the elevated number of possible perovskite oxides has highlighted the importance

of developing mechanistic insights that drive the rational design of better-performing OER

catalysts.200 Mechanistic structural insights are especially relevant when considering that

doping the oxide lattice by adding “impurities” to the electrolyte has emerged as a promising

strategy for enhancing their OER activity,203–205 further increasing the number of potential

perovskite structures. One work that nicely showcased the value of deciphering the structural

origin of the OER activity in perovskite oxides was performed by Lopes et al.164 They proved

that the catalytic activity of La1-xSrxCoO3 perovskites was enhanced by traces amount of Fe

impurities present in the potassium hydroxide (KOH) electrolyte due to the formation of a Fe-

rich, Co hydr(oxy)oxide surface layer which contains dynamically stable active sites.164 These

insights could be later extended to other perovskite material systems such as LaNiO3
48,

PrNiO3
23, NdNiO3

23, LaNixFe1-xO3
206

, or La0.6Ca0.4Fe0.7Ni0.3O3
207 that showed similar OER

activity enhancement in the presence of elemental traces in the electrolyte.

Besides Fe impurity doping, the OER activity of perovskite oxides can be alternatively

enhanced by modifying their local atomic arrangement. Generating strain208, oxygen octahedra

distortions209 or point defects such as oxygen30 or cation31 vacancies have been reported to be

effective strategies for boosting water oxidation. Similarly, the OER activity of perovskite

oxides can be increased by introducing Ruddlesden-Popper planar faults into the crystal

structure.210,211 These two-dimensional defects comprise [AO] monolayers intergrown in the

perovskite ABO3 lattice.212 In perovskites such as LaNiO3, the [LaO] layer has a net +1 charge

(since La is formally +3), resulting in local distortions of the oxygen octahedra for screening

the charge and higher OER activity in RP-rich LaNiO3 samples.210,212

Despite the success of the existing strategies for boosting the OER activity of perovskite oxides,

several key questions remain unanswered. In particular, it is unknown how trace amounts of

Fe in the electrolyte affect the structure of the active RP faults. That is especially critical to

answer since the Fe-induced OER enhancement is highly influenced by the atomic arrangement
23 and Fe traces are commonly found in commercial alkaline solutions.204,213,214

Here, we report on the effects of trace amounts of Fe added to the alkaline electrolyte on RP

faults present in LaNiO3 perovskite nanoparticles. We found that Fe atoms diffuse into the RP

faults during catalysis, increasing the interplanar distances within the RP fault layers. As a
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consequence, neighboring LaNiO3 layers contract, reducing their interlayer distance and

locally inducing compressive strain on the LaNiO3 lattice. Such distortion of the lattice has

been shown to modify the density of states on the surface of LaNiO3, boosting its catalytic

activity. Our results reveal a new OER activity enhancement mechanism that can be exploited

for the rational design of more active perovskite oxides.

6.2 Results and discussion

Initial characterization of LaNiO3 nanoparticles

LaNiO3 nanoparticles were synthesized by a solution combustion method followed by a

calcination step.48,215 Bright field-scanning transmission electron microscopy micrographs

(Figure 6-1a) show the presence of numerous planar defects in the LaNiO3 perovskite

structure. These 2D defects propagate across the particle to its surface, where they form a line

defect that can interact with the reactant molecules.

Figure 6-1. Structural and electrochemical characterization of LaNiO3 nanoparticles. (a) BF-
STEM micrograph of a LaNiO3 nanoparticle. Defects found in the structure are marked with
yellow lines. (b) High-resolution HAADF-STEM image of an RP fault. (c) Atomic arrangement
of La (blue), Ni (gray), and O (red) atoms in the fault region. The RP fault is formed by the
intercalation of [LaO] layers in the perovskite structure. (d) CVs in Fe-free KOH. (e) CVs in
KOH with added Fe traces. (f) Comparison of current densities at 1.6 VRHE.
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High-resolution STEM images of the defects (Figure 6-1b, Figure 6-2) reveal that they are

RP faults, formed by [LaO] layers intergrown in the perovskite LaNiO3 structure (Figure

6-1c).216,217

Figure 6-2. High-resolution HAADF (a) and BF (b) micrographs of an RP fault, with the
corresponding atomic arrangement overlapped.

The Fe-dependent OER activity was studied by performing cyclic voltammetry experiments in

purified KOH (Figure 6-1d) and in KOH with added Fe traces (Figure 6-1e) (see the

Experimental Section for more details). In the presence of Fe, the OER activity is enhanced

during the CV runs, doubling the current density at 1.6 VRHE (Figure 6-1f). In Fe-free KOH,

such enhancement is not observed (Figure 6-1d,f). Linear sweep voltammetry experiments

show a similar Fe-dependent OER activity (Figure 6-3).

Figure 6-3. Linear sweep voltammetry after 50  CVs in Fe-free  KOH (blue) and KOH+Fe
traces (red).
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Structural evolution of RP faults during OER

Having confirmed the presence of numerous RP faults and the Fe-dependent OER activity of

the LaNiO3 particles, we investigated the structural effects of having Fe traces in the electrolyte

on the RP using IL-STEM.64,110 With this technique, the same nanoparticle (Figure 6-4a) can

be studied before (Figure 6-4b) and after (Figure 6-4c) catalysis, allowing the correlation of

the changes in electrochemical performance (Figure 6-5) with the changes in the structure.

Figure 6-4. Changes in RP faults during OER in the presence of Fe impurities in the
electrolyte. (a) BF-STEM image of LaNiO3 particle before OER. (b) RP fault before catalysis.
(c) Same RP fault as in (b) after OER in KOH with added Fe traces. (d) Changes in the
interplanar distances around the RP fault. Notice how during OER the RP fault expands,
causing the adjacent layers of LaNiO3 to contract. Strain maps before (e) and after (f) OER
(see Experimental Section for more details). (g) High-resolution XRD pattern before and after
OER.

IL-STEM results show that the interatomic distance of the RP fault planes increases during

OER catalysis, from 2.83 Å to 3.05 Å (Figure 6-4d). As a consequence of such expansion,

neighboring LaNiO3 layers get contracted  (Figure 6-4d), introducing compressive strain into
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them (Figure 6-4e,f). This effect is very local, affecting only 2 adjacent [LaO]-[NiO2] units on

each side of the RP fault. The 1st neighboring [LaO]-[NiO2] unit contracts by ~7.7% and the

second by ~2.5%. Further away from the fault, the interplanar distance between consecutive

[LaO] layers remains unchanged at ~3.84 Å, in good agreement with the reported LaNiO3

structure.218

Figure 6-5. Electrochemical curves of the IL-STEM experiments shown in Figure 6-4. (a) CV
before and after OER. (b) The sample was held at 1.6 VRHE (OER potential) for 45 minutes to
trigger the morphological changes that are later observed in the microscope. Note how the
current increases during the potential hold due to the presence of Fe traces in the electrolyte.

Despite the local nature of this lattice contraction, the elevated number of faults results in a

noticeable effect on the overall LaNiO3 structure. Indeed, XRD measurements indicate an

asymmetric broadening towards higher 2θ angles during catalysis (Figure 6-4g, Figure 6-6),

consistent with a small proportion of the LaNiO3 layers getting compressed during OER.

Figure 6-6. (a) Overview of XRD pattern before OER. The peaks of the substrate (glassy
carbon) are marked with red asterisks. These were identified by micro-area XRD
measurements on a sample-free glassy carbon area (b). The reflection at 2θ=32.8° is selected
for the higher resolution XRD measurements due to its low substrate contribution, especially
towards higher 2θ angles.
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When performing equivalent experiments in Fe-free KOH, no RP fault expansion or adjacent

LaNiO3 layers contraction were observed (Figure 6-7), suggesting the importance of Fe in

triggering this phenomenon.

Figure 6-7. Fe-free KOH. (a) HAADF-STEM before catalysis of a particle with two RP faults.
(b) The same particle after OER in Fe-free KOH. (c) Changes in interplanar distance. No RP
fault expansion is observed in the absence of Fe. (d) Comparison of XRD pattern before OER
(black), after OER in Fe-free KOH (blue), and in KOH+Fe (red). Notice how only in the
presence of Fe traces on the electrolyte, an asymmetric broadening towards higher 2θ° is
observed, indicating that the LaNiO3 lattice only contracts partially when Fe is added to the
electrolyte. The differences in the left part of the peak stem from different substrate (glassy
carbon) contributions (see Figure 6-6).

Fe incorporation on RP faults during OER

The key role of Fe on the observed RP fault expansion with consequent LaNiO3 layers

contraction is further evidenced by studying the distribution of Fe after OER (Figure 6-8a,b),

especially considering that no Fe is detected in the pristine LaNiO3 particles (Figure 6-9).
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Figure 6-8. Fe incorporation on RP fault during OER. (a) HAADF-STEM image of AN RP
fault after OER and (b) corresponding Fe distribution extracted from the EELS data. Notice
how on the RP fault region more Fe is detected. (c) Comparison of Fe L3 edge at the RP fault
region and in defect free area (d) Schematic drawing with the proposed mechanism for the
changes in d-spacing on the LaNiO3 layers experimentally observed.

After OER, Fe is detected all over the particle due to the formation of a Fe-rich hydr(oxide)

surface layer during catalysis, in good agreement with previous reports.48,219 Nonetheless, a

higher Fe concentration is measured in the RP fault region by electron energy loss spectroscopy

(Figure 6-8a,b), suggesting that Fe traces in the electrolyte diffuse into the RP fault during

OER. This hypothesis is further supported by analyzing the Fe L3-edge (Figure 6-8c), since

the shift towards higher energy losses measured at the RP fault region is indicative of Fe being

in a different chemical environment than in the rest of the particle (surface).



6. Fe traces on electrolyte interaction with Ruddlesden Popper faults

81

Figure 6-9. EELS spectra before and after OER with Fe traces added to the electrolyte. Fe
signal (Fe L2,3-edge starting at 708 eV) is only detected after OER catalysis.

Our results indicate that Fe traces in the electrolyte incorporate in the RP fault during OER

catalysis, causing the expansion observed in the IL-STEM experiments. Such an expansion

pushes the neighboring LaNiO3 layers together, inducing their compression (Figure 6-8d). A

similar behavior is observed in other RP faults (Figure 6-10).

Currently, density functional theory (DFT) calculations are being performed to further prove

this hypothesis, and to elucidate the nature of the Fe incorporation (i.e., interstitial or

substitutional). DFT calculations can also provide information on how the observed local

compression of the LaNiO3 lattice affects the electronic structure and catalytic activity.

Nonetheless, experiments performed on epitaxially strained LaNiO3 perovskites indicate that

compressive strain boosts their OER activity due to a tuning of the electronic structure208, so

we would expect a similar behavior for our system.
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Figure 6-10. Structural and compositional changes on another RP fault during OER. (a)
HAADF-STEM image before OER. (b) Same fault after OER. (c) Changes in interplanar
distances, where an expansion of the RP fault layer is observed. In the right region of the RP
fault the lower quality of the STEM micrograph might influence the d-spacing measurements.
(d) A higher Fe signal is detected in the RP fault region by EELS.

6.3 Conclusions

To summarize, we have explored the effects of adding trace amounts of Fe to the electrolyte

on Ruddlesden-Popper (RP) planar faults present in LaNiO3 perovskite oxides. Both Fe traces

in the electrolyte and RP faults are known to enhance the OER activity of perovskite oxides.

We found that Fe incorporates into the RP fault during OER catalysis, causing it to expand.

Consequently, the LaNiO3 lattice gets locally compressed, resulting in local structural changes

of the perovskite structure. We expect this local lattice compression to be favorable for the

OER catalytic activity of LaNiO3, and DFT calculations are currently being performed to shed

light on this issue. Our results reveal a new mechanism for enhancing the OER activity of

perovskite oxides, and highlight the importance of studying the local structural changes

occurring during catalysis.
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6.4 Experimental section

Synthesis of LaNiO3 nanoparticles

The LaNiO3 perovskites were synthesized by a solution combustion method followed by a

calcination treatment. More details can be found in Ref. 48 The presence of numerous RP faults

probably stems from local unstoichiometric concentrations of the La and Ni precursors. In the

regions where the La concentration is higher, the formation of RP faults is favoured.210

Scanning transmission electron microscopy

STEM experiments were performed on a Cs-probe corrected Thermo Fisher Titan microscope

operated at an accelerating voltage of 300 kV. A semi-converge angle of 23.8 mrad and a

camera length of 100 mm were used for image acquisition, yielding a collection angle for the

HAADF detector of 78-200 mrad and for the BF of 0-10 mrad.

The d-spacing measurements between La-La were performed on high-resolution HAADF-

STEM micrographs. A series of frames with a fast acquisition time (dwell time 2.0 µs) were

acquired and stacked using cross-correlation. This was done to minimize sample drift during

the acquisition of a frame, which would distort the d-spacing measurements. Using open-source

Python packages, the atomic column positions were located using two-dimensional Gaussian

fitting, and the corresponding planar distances calculated.102,220 The interplanar distance

distortion maps (referred to as strain maps in the text, see Figure 6-4e,f) were calculated by

comparing the experimentally found La-La interplanar distance (equivalent to d(012) in the [-

22-1] zone axis) with the bulk equilibrium La-La interplanar distance (d(012)=3.83 Å, ICSD

93919)218.

EELS data was acquired in STEM mode using the Quantum ERS spectrometer (Gatan) with a

dispersion of 0.25 eV per channel and a pixel time acquisition of 1 s (with sub-pixel scan

activated to minimize beam damage effects). The EELS data was analyzed using the

DigitalMicrograph Software (Gatan, version 3.51) and non-negative Matrix Factorization, as

implemented in the published Matlab codes from Ref 221.
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Electrochemical characterization

The electrochemical measurements were performed in a three-electrode set up, equipped with

a RDE (PINE Research Instrumentation). As a reference and counter, a reversible hydrogen

electrode (HydroFlex, Gaskatel) and Pt wire were used, respectively. 1 M KOH was purified

using a previously described method to remove all Fe and cations.222 When necessary, Fe traces

(7.5 ppm) were added to the electrolyte using FeNO3 as a source. The Fe concentration on the

electrolyte was confirmed by inductively coupled plasma-optical emission spectrometry (ICP-

OES) measurements.

Identical location scanning transmission electron microscopy

For performing the identical location STEM experiments, a 10 µL droplet of a solution

containing LaNiO3 (0.3 mg/mL) was drop cast on a holey carbon gold TEM finder grid (Plano).

The sample was left to dry overnight. After the initial characterization in the TEM, the sample

was connected to the potentiostat (Gamry Reference600) using reverted Au tweezers (Plano).

This connection method was chosen as opposed to the typical glassy carbon substrate + Teflon

cup to allow for the release of gas bubbles generated during the OER.105 The sample underwent

electrochemical testing in the form of 5 CVs (0.6-1.7 VRHE) + potential hold (45 mins at 1.6

VRHE) + 5 CVs (0.6-1.7 VRHE), either in Fe-free KOH (1 M) or in KOH (1 M) containing 7.5

ppm of Fe (FeNO3 from Sigma-Aldrich was used as the iron source). After completion of the

electrochemical testing, the grids were rinsed with DI-water and characterized again in the

TEM. Individual nanoparticles were tracked after electrochemistry using marks in the TEM

finder grids and a series of zoom-out images, allowing us to see how they changed during

electrochemical testing.

X-ray diffraction

For the  XRD measurements, a LaNiO3 ink (1.5 mg LaNiO3 nanoparticles, 15 µL Nafion, 0.2

mL isopropanol, 0.2 mL µL DI-water) was drop cast onto a glassy carbon electrode and left

drying overnight. After initial XRD characterization, the sample underwent electrochemical

testing in KOH (1 M) + 7.5 ppm Fe, following the protocol used in the IL-STEM experiments

(5 CVs (0.6-1.7 VRHE) + potential hold (45 mins at 1.6 VRHE) + 5 CVs (0.6-1.7 VRHE)). The

same sample was later investigated again by XRD, to ensure a reliable interpretation. A new

sample was prepared following the same procedure and cycled in Fe-free KOH 1 M for its

posterior XRD characterization.
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The XRD measurements were performed on a Rikaku Smartlab 9KW using Cu Kα radiation

as the source for X-rays (λ=1.54059 Å). Due to the geometry of the sample and to minimize

the contributions from the glassy carbon substrate, a grazing incidence geometry was chosen.

Overview pattern were acquired first (10-120°), followed by slower scans (referred to as “high-

resolution” in the text) of the reflections of interest (30-36°) for a higher signal-to-noise ratio.
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7 Concave Grain Boundary Stabilized by Boron Segregation for

Efficient and Durable Oxygen Reduction

Note: The following chapter is based on the publication “Concave Grain Boundary Stabilized

by Boron Segregation for Efficient and Durable Oxygen Reduction”, by X. Geng, M. Vega-

Paredes et al., in Advanced Materials 2024, 36, 2404839. Therefore, the personal pronoun ”we”

is used throughout this chapter to refer to the group of researchers that were part of this specific

study.

Chapter 6 highlighted the importance of defects in catalysis. This chapter aims to use a different

defect, namely grain boundaries, for increasing the catalytic activity of Pt towards the oxygen

reduction reaction.

The oxygen reduction reaction is a key electrochemical process that limits fuel cell and metal-

air battery efficiency due to its sluggish kinetics, even when catalyzed by expensive metal Pt.

Enhancing the mass activity of Pt catalysts is imperative to minimize Pt usage, for which both

the specific activity and electrochemically active surface area need to be optimized. Here, we

propose ultrafine, grain boundary-rich Pt nanoparticle assemblies as efficient ORR catalysts.

Their nanowire morphology inherently offers a large ECSA, and their high density of concave

GB sites provides elevated specific activity. The atoms located at the concave GB sites exhibit

higher coordination numbers and lattice distortion compared to isolated NP, resulting in a

moderate reduction in oxygen binding energy and their consequent activation towards ORR.

Furthermore, we prove that the GBs can be stabilized by boron segregation, preserving the

active sites during catalysis. The boron-stabilized, concave GB sites-rich Pt nanoassemblies

demonstrate remarkable ORR specific and mass activities of 9.18 mA/cm2 and 6.40 A/mgPt (at

0.9 V vs. the reversible hydrogen electrode), respectively, surpassing commercial Pt/C catalysts

by over 35-fold, while exhibiting negligible decay in ORR activity following 60,000 potential-

scanning cycles. The versatility of our approach can be applied to a wide range of catalytically

active NPs.

7.1 Introduction

The oxygen reduction reaction plays a crucial role in energy conversion for metal-air batteries

and fuel cells5,223,224. Pt and its alloys are currently state-of-the-art catalysts for ORR16,82,225.

Nonetheless, the high costs and limited durability of Pt catalysts hinders the commercial

viability of fuel cells226–228. Therefore, it is imperative to boost the mass activity  of Pt catalysts
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(defined as the catalytic activity per unit mass), which would allow for the preservation of the

activity while reducing the Pt loading. In addition, their structural stability has to be increased,

so that the activity is maintained for an elevated period of time. The mass activity is determined

by both specific activity (normalized to surface area ) and ECSA (normalized to mass). An

optimal mass activity can be achieved by increasing specific activity and ECSA.

The most effective approach to enhance ECSA is by reducing the size of nanoparticles, since

ECSA increases when lowering particle size68. However, reducing particle size leads to a

significant increase in the proportion of undercoordinated corner, edge, or step sites, which

exhibit stronger binding to oxygenated intermediates compared to terrace sites, and thus lower

specific activity for ORR68. Consequently, the specific activity of ultra-small NPs (less than 3

nm) is significantly lower than that of larger NPs. Additionally, ultra-small NPs suffer from

poor stability, since they are prone to aggregation during electrochemical cycling and Oswald

ripening229,230. Achieving the large ECSA of ultra-small NPs without compromising their

specific activity and stability would greatly enhance the mass activity and commercial viability

of fuel cells. However, achieving such a goal is highly challenging and new catalyst design

strategies are required.

To date, the highest specific activities have been obtained on Pt3Ni(111) single crystals81,

owing to their nearly optimal oxygen binding energy231 derived from synergistic contributions

between strain80, ligand232 and ensemble effects233. However, under the oxygen-rich and highly

acidic conditions at the cathode of fuel cells, such alloy catalysts are prone to transition metal

leaching234,235 and NP agglomeration229,230, resulting in low stability. Hence, besides alloying

Pt with transition metals, alternative strategies are required to optimize the ORR activity and

durability of Pt catalysts.

One further strategy for enhancing the specific activity involves increasing the coordination

number of Pt catalysts (e.g., by constructing octahedral shapes81 or local concave

geometries236–238). The increase in coordination number results in a moderate weakening of Pt-

O binding, optimizing it73,225. Nonetheless, despite the high initial ORR activity of octahedral

Pt NPs, prolonged electrochemical cycling induces shape alterations, thereby deteriorating

their durability234. The strategy of local concave geometry has also been shown to boost

specific activity236. However, the stability of Pt atoms at the concave sites and how to further

enhance their stability to prevent electrochemical dissolution remain unexplored. Moreover,

synthesizing Pt catalysts with high-density of concave sites in a controlled manner poses
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significant challenges. Another approach for achieving high specific activity is by increasing

the surface distortion of Pt catalysts239. Surface distortion can be introduced through

inhomogeneous alloying, (electro)chemical surface destruction, or the formation of grain

boundaries239. However, prolonged electrochemical cycling induces structural changes in

lattice-distorted Pt catalysts, resulting in lower lattice distortion and a notable decrease in

catalytic activity28,240–242. Hence, enhancing the stability of Pt catalysts with high surface

distortion has been scarcely studied. The inadequacy of the previously exposed methods to

optimize simultaneously the ECSA and specific activity, results in catalysts with insufficient

mass activity, that additionally suffer from low stability. Therefore, new strategies need to be

developed for ORR catalysts.

Here, we propose ultrafine Pt nanoparticle assemblies with a large number of concave GBs

(GB-Pt NAs) as efficient and durable ORR catalysts. Spherical Pt NPs with an average size of

2 nm are interconnected via GBs, forming ultrafine nanowire-shaped Pt nanoassemblies. The

abundance of concave sites near the surface terminations of GBs at GB-Pt NAs elevates locally

the coordination number of atoms. Moreover, notable lattice distortion in the vicinity of the

GB is observed as a consequence of the assembly process. The higher coordination number

and lattice distortion in GB-Pt NAs collectively yield a moderate reduction in oxygen binding

energy, optimizing it and thereby significantly enhancing its specific activity relative to Pt NPs.

Moreover, the ultrafine nanowire geometry of GB-Pt NAs provides a large ECSA. As a result,

GB-Pt NAs demonstrate specific and mass activity exceeding those of commercial Pt/C

catalysts by factors of around 40. The stabilization of concave GB sites is achieved by boron

(B) segregation at the GBs. The activity of Pt NAs with ~10 at.% of B kinetically trapped at

GBs exhibits minimal decay, with negligible changes observed in both nanostructure and

chemical composition after a 60,000-cycle electrochemical accelerated durability test (0.6‒1.1

V vs RHE). Our findings highlight the effectiveness of building concave GB sites through NP

coalescence as a highly efficient approach for tuning coordination number and lattice distortion

in nanocatalysts. When stabilized by trapping heteroatoms on high-energy GBs, this strategy

yields exceptionally active and durable electrocatalysts.

7.2 Results and Discussion

Grain boundary-rich Pt NPs assemblies

Ultrafine nanowire-shaped GB-Pt NAs (Figure 7-1a,b, Figure 7-2a), with an average

crystallite size of 2.1±0.4 nm (Figure 7-2b), were prepared by continuously bubbling H2 gas
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into a solution containing well-dispersed and uniformly sized (2.0±0.1 nm) citrate-capped Pt

NPs (Figure 7-1c, Figure 7-2b). GB-Pt NAs exhibit a large specific surface area and a highly

porous structure, as demonstrated by Brunauer-Emmett-Teller (BET) measurement (see

Appendix, Figure A7-1, Table A7-1).

Figure 7-1. Preparation and structural characterization of Pt NAs with a high density of
concave sites. (a) Coalescence and assembly are driven by H2 gas bubbling of Pt NPs into Pt
NAs rich with concave GB sites at the surface. (b) HAADF-STEM image of GB-Pt NAs. (c)
TEM image of Pt NPs before assembly process. (d) HAADF-STEM image of GB-Pt,
highlighting concave surfaces. (e) EXAFS spectra for Pt L3-edge for Pt NPs, GB-Pt NAs and
Pt foil. (f) Coordination number calculated from the Fourier-transformed EXAFS spectra.
GCNs of the (g) Pt201 NP and (h) Pt383 Σ3 (111) twin GB model, with the subscripts denoting
the total number of Pt atoms in each model. (i) Difference in GCN (ΔGCN) between g and h.

The diameter of GB-Pt NAs corresponds to the size of the NP building blocks, allowing for

control over the Pt NAs' diameter by adjusting the NP size (Figure A7-2). H2 plays a dual role

in the assembly process243. First, atomic H, originating from H2 dissociation on the Pt surface,

gradually replaces citrate ligands until their complete removal, as confirmed by infrared
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spectroscopy (Figure A7-3). H2-bubbling hence progressively destabilizes the Pt NPs leading

to a decrease of the ζ potential of the solution over time (Figure A7-4). Second, convection

from continuous H2 bubbling drives collisions between NPs, leading to the gradual assembly

of isolated NPs, resulting in their attachment and coalescence to form GBs. The diffusion-

limited cluster aggregation process (Figure A7-5) promotes the assembly of isolated NPs into

clusters, chains, and eventually a porous ultrafine nanowire-shaped network (Figure 7-2d).

During the growth process, the spherical NPs collide, attach and coalesce with each other, being

ultimately connected through GBs. As a result, the atoms in the vicinity of the GBs are in a

concave environment (Figure 7-1d, Figure 7-2c). Given that the surface energy of a one-

dimensional nanowire with a concave surface is thermodynamically more stable than that with

a flat surface (Figure A7-6), the highly porous nanowire-shaped GB-Pt NAs have high stability

without experiencing significant aggregation.

Figure 7-2. (a) TEM images of GB-Pt NAs at different magnifications. A defocus was
introduced to enhance the contrast. (b) Size distribution obtained by analyzing 200 NPs or
crystallites in Pt NPs and GB-Pt NAs derived from TEM images. (c) High-resolution HAADF-
STEM image of GB-Pt NAs in which concave surface are outlined in white. (d) TEM images of
the samples taken out during the assembly process of Pt NPs.
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The substantial density of concavities adjacent to GBs contributes to a higher coordination

number for GB-Pt NAs (~9.3) in contrast to that of Pt NPs (~8.2), as measured by extended X-

ray absorption fine structure (EXAFS) (Figure 7-1e,f and Table A7-2).

To unravel the underlying factors contributing to the rise in coordination number, we conducted

density functional theory calculations. Computations were performed on a representative

truncated-octahedral NP model composed of 201 Pt atoms (Figure 7-1g), along with a Σ3 twin

boundary model established between two NPs (Figure 7-1h) with size resembling those

observed experimentally (detailed computational procedures are outlined in the Experimental

methods). Analysis of the NP model revealed that the generalized coordination number (GCN)

of atoms at the corners and edges, a descriptor for ORR activity73, ranged from 4 to 7 (Figure

7-1g). Upon the coalescence of two NPs to form a GB, the corner and edge atoms constitute

the concave sites near the GBs (Figure 7-1h). Interestingly, the GCN of the layers of atoms

adjacent to the GBs ranges from 7.5 to 9.1 (Figure 7-1h), increasing by up to ~3.7 compared

to the single NPs (Figure 7-1i). It has been reported that GCN within this range is expected to

display optimal ORR activity73, suggesting that GB-Pt NAs may serve as promising ORR

catalysts. The variation in conventional coordination number exhibits a similar trend to the

change in GCN (Figure A7-7).

To study with more detail the presence of GBs, HAADF-STEM experiments were performed.

Among a randomly selected set of twenty GBs, we identified three Σ41 GBs, two Σ33 GBs,

and fifteen Σ3 GBs (Figure 7-3a, Figure 7-4, Figure A7-8) based on the CSL244.

Some initially spherical NPs have changed their morphology as a result of the assembly

process, e.g., crystallites NP2, NP3 and NP4 in Figure 7-3a, potentially inducing local

displacement of the atoms from their relaxed equilibrium positions. The relative displacements

in atomic positions were analyzed by measuring the local deviations of atomic positions

relative to a reference lattice (center of the grain)96. The atomic positions were found by fitting

two-dimensional Gaussians in the local intensity maxima (i.e., the atomic column positions),

allowing us to locate them with great accuracy.96 More details are given in the Experimental

methods.
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Higher levels of atomic deviations are observed in the vicinity of the GBs (Figure 7-3b,c),

indicating an increased lattice distortion near the surface terminations of the GBs.

Figure 7-3. (a) HAADF-STEM image of the GBs between the Pt NP building blocks within
GB-Pt NAs. (b,c) Real space  relative displacement maps along the x (εxx) and y (εyy) directions.
(d) High-resolution XRD patterns of Pt NPs and GB-Pt NAs showing (111), (200), (220), (311),
and (222) diffraction peaks. (e) Williamson–Hall plots derived from the XRD patterns.

This heightened lattice distortion is further statistically proven by the broader high-resolution

X-ray diffraction peaks observed in GB-Pt NAs compared to those of Pt NPs (Figure 7-3d).

Notably, despite the identical size of these two samples, Williamson-Hall fitting revealed an

average lattice distortion of 2.5% in GB-Pt NAs, which is significantly higher than the 0.2%

observed in Pt NPs (Figure 7-3e). Although some high-index facets were observed after the

assembly process (Figure A7-9), they constitute a minor fraction of the facets in GB-Pt NAs.

This conclusion is supported by the EXAFS results, which show an increase in the coordination

number after assembly. Such an increase would not be possible if a significant number of high-

index facets had been formed.
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Figure 7-4. (a) HAADF-STEM image and FFT diffractograms of Σ33 GBs identified based on
the coincidence site lattice theory. (b) HAADF-STEM image and FFT diffractograms of Σ3
GBs.

Boron doping for stabilizing GBs

Due to the misorientation between adjacent grains, the arrangement of atoms at GBs often

exhibits disorder, leading to significantly reduced stability245. Under external stimuli such as

heating or applying an electric field, atoms at GBs are prone to migration, resulting in poor

stability of GBs63,246,247. For instance, GBs in polycrystals begin to destabilize and migrate

when heated to temperatures below half of their melting point, ultimately leading to their

annihilation246,247. Furthermore, the application of an electric field can induce changes in the

arrangement of atoms at GBs, even triggering transitions from disorder to order63.

Consequently, stabilizing GBs in nanocrystals poses significant challenges. In order to lower

the energy of the GBs and increase the stability of the assemblies, we doped GB-Pt NAs with

boron (B) (Figure A7-10). This was achieved by adding boric acid during the synthesis of the

NP building blocks, prior to the assembly process. To both quantify and map the spatial

distribution of B across the Pt NPs and NAs, we used atom probe tomography (APT) of Pt

samples embedded into a Ni matrix (see Experimental methods, Figure A7-11). The B species

are originally located at the surface of Pt NPs at a concentration of ~8 at.% (Figure 7-5a,b). In

contrast, no B is found at the surface of GB-Pt NAs, as evidenced by the 1D composition profile



7. GB-rich Pt nanoparticle assemblies

95

calculated as a function of the distance to the isosurface (known as proximity histogram) that

delineates the Ni matrix/GB-Pt NAs interface (Figure 7-5c,d). Distinctive concavities in a 2

nm thin-slice through the APT 3D atom map of GB-Pt NAs (Figure A7-12) in Figure 7-5e,

allows for the identification of GBs formed through the collision of NPs. Figure 7-5f highlights

that B mostly distributes near GBs, reaching approx. 10 at.% B as quantified by the 1D

compositional profile in Figure 7-5g.

Figure 7-5. Segregation of boron at GBs and its impact on the structure of Pt NAs. (a) 3D atom
map of Pt NPs embedded in a Ni matrix to allow APT measurements. The inset shows a Pt NP.
(b) 1D compositional profiles of Ni, Pt, and B elements within Pt NPs (c) 3D atom maps of
GB-Pt NAs embedded in Ni. (d) Proximity histogram of Ni, Pt, and B across the Ni matrix/GB-
Pt NAs interface. (e) A 2 nm thin-sliced tomogram from a 3D atom map (Figure A7-12) of GB-
Pt NAs. The particles are delimited by black lines (f) Extracted tomogram of GB region (B
atoms=orange spheres). (g) 1D profiles of Pt and B along the arrow in Figure 7-5e. (h)
HAADF-STEM image of the low-angle GBs between Pt NPs building blocks within BF-Pt NAs.

The rapid attachment of Pt NPs by collisions is too fast for surface-bound B species to detach,

leading to their kinetic trapping within the GBs. Nearest-neighbor analysis reveals that the Pt-
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B distance is ~0.2 nm (Figure A7-13), closely matching the value observed in EXAFS (Figure

7-1e) and significantly shorter than when B is merely adsorbed on the Pt surface. This shorter

distance suggests strong covalent bonding between B and Pt in GB-Pt NAs. Additionally, the

Pt-Pt bonds in GB-Pt NAs are shorter than those in Pt NPs, indicating that the segregation of

B species in the GBs leads to stronger Pt-B and Pt-Pt bonding.

To investigate the role of B in the assembly of Pt NPs, the source of B was intentionally

excluded during synthesis to produce B-free Pt nanoassemblies (referred to as BF-Pt NAs,

Figure A7-14). BET measurement indicates that BF-Pt NAs also possess a large specific

surface area and a highly porous structure, similar to GB-Pt NAs (Figure A7-15, Table A7-1).

HAADF-STEM image of BF-Pt NAs (Figure 7-5h) shows crystallites interconnected through

low-angle GBs (Figure A7-16), despite exhibiting otherwise similar microstructural

characteristics to GB-Pt NAs (Figure 7-6). The lattices of adjacent Pt NPs are aligned, i.e.

there is almost no misalignment to accommodate the transition from one building block to

another. Moreover, the coordination number (~8.8, Figure A7- 17, Table A7-2) and lattice

distortion (0.9%, Figure A7- 18) of BF-Pt NAs fall between those of Pt NPs and GB-Pt NAs,

indicating a critical role of B in achieving the formation of concave GB sites with high

coordination number and lattice distortion.

The structural disparities between GB-Pt NAs and BF-Pt NAs can be rationalized by

considering the effects of B atoms in high-energy GBs. The relaxation of lattice distortion in

metals primarily takes place through mechanisms such as GB sliding, diffusion, or dislocation

sliding.60,248–251 Furthermore, random high-angle GBs are inherently thermodynamically

metastable and can progressively disappear by lattice rotation to facilitate site matching,250 or

by GB migration and annihilation at one of the many available free surfaces, thereby removing

lattice distortion and partially eliminating the concavities. We postulate that the trapping of B

greatly stabilizes the GBs in GB-Pt NAs, limiting atomic rearrangement and effectively

suppressing the release of lattice distortion. We performed targeted DFT calculations of the

segregation energy of a single B atom at a Σ3 (111) GB (see Experimental methods), which is

the most abundant GB we observed experimentally. Adding a B atom to the GB plane, or the

immediately adjacent layers, lowers the free energy by -0.363eV, or -0.467eV, respectively

(Figure A7-19). B-segregation to GBs in Pt-based materials had also previously been reported

to be energetically favorable252, and B at GBs may lower the free energy of high-energy GBs

and hence the driving force for migration and annihilation253,254. This accounts for the notable
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abundance of high-angle GBs in GB-Pt NAs, including higher-energy GBs such as Σ41 and

Σ33, accompanied by increased lattice distortion.

Figure 7-6. (a-b) TEM images of BF-Pt NAs with lower and higher resolutions. (c) The size
distribution was obtained by analyzing 200 crystallites of BF-Pt NAs derived from TEM
images.

ORR activity

Having successfully synthesized ultrafine Pt NAs with a high density of GB concave sites and

lattice distortion, we tested their ORR catalytic performance. Before electrochemical property

testing, the synthesized Pt NPs, BF-Pt NAs, and GB-Pt NAs were each dispersed onto a

commercial carbon support, making electrodes denoted as Pt NPs/C, BF-Pt NAs/C, and GB-Pt

NAs/C respectively, which are benchmarked against commercial Pt/C (see Experimental

methods). CVs for these four electrodes are plotted in the insets of Figure 7-7a-d, and their

respective ECSAs are 95.8, 63.5, 69.7, and 74.1 m2 gPt
-1.

Despite the loss of surface area due to the assembly process in BF-Pt NAs and GB-Pt NAs,

their ECSA remains comparable to commercial Pt/C, which can be attributed to their ultrafine

nanowire network geometry with a high porosity16. ORR polarization curves are measured in

a 0.1 M HClO4 solution saturated with O2, with iR drop correction applied, and are plotted in

Figure 7-7a-d, for Pt NPs/C, BF-Pt NAs/C, GB-Pt NAs/C and commercial Pt/C.

The GB-Pt NAs/C shows a remarkable specific activity of 9.18 mA/cm2 and an impressive

mass activity of 6.40 A/mgPt at 0.9 V versus RHE, i.e. nearly 40 times higher compared to

commercial Pt/C (Figure 7-7e) and 14.5 times higher than the 2020 U.S. Department of Energy

target (0.44 mA/cm2). Compared to state-of-the-art Pt-based ORR nanocatalysts, including

pure Pt (grey dots, Figure 7-7b) and Pt-based alloys (cyan diamonds, Figure 7-7f) from recent

publications, the GB-Pt NAs/C (orange star, Figure 7-7f) is one of the most efficient ORR

catalysts reported to date (see Table A7-3 for references).
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Figure 7-7. Electrochemical characterization of ORR activity. (a-d) ORR polarization curves
of Pt NPs/C, BF-Pt NAs/C, GB-Pt NAs/C and commercial Pt/C pre- and post-durability test.
The insets show the CV variations. The solid black line represents the initial test results of the
catalyst, while the dashed-dot curves in red, yellow, and green depict the outcomes after the
20000, 40000, and 60000 potential-scanning cycles, respectively. (e) Specific and mass
activities at 0.9V versus RHE. (f) The comparison of specific activity and mass activity at 0.9V
versus RHE of GB-Pt NAs/C and the state-of-the-art ORR catalysts from the literature (see
Table A7-3 for references).

To elucidate the underlying mechanisms driving higher activity of GB-Pt NAs, we performed

DFT calculations utilizing both the NP and Σ3 twin boundary models. According to the

Sabatier volcano principle governing ORR catalysts, optimal activity occurs when the oxygen

binding energy (Ebinding) is ~0.2 eV lower than that on the flat Pt (111) surface69,80. In single Pt

NPs, the Pt-O bond energies at the corner and edge sites are too high (Figure 7-8a) and

therefore not active towards ORR. Considering that ~50% of surface atoms on Pt NPs with a

size of 2 nm are positioned at corners and edges255,256, half of the surface sites are not active

for ORR. However, when a concave GB site is formed at the surface, the Pt-O binding energies

are altered significantly (Figure 7-8b). Within the vicinity of GBs, the Pt-O bond undergoes

significant weakening (Figure 7-8c), nearly reaching the optimal Ebinding. It enables the

transformation of initially inactive sites into highly active catalytic sites for ORR

(Figure 7-8d). The formation of concave GBs at the surface leads to a decrease in Ebinding,

which enables the transformation of initially inactive edges and corner sites into highly active

catalytic sites for ORR along the nanoassembly structure (Figure 7-8d).

a b c

d e f
0,2 0,4 0,6 0,8 1,0

5

3

1

6

4

2

0

0,0 0,3 0,6 0,9 1,2
-0,10
-0,05
0,00
0,05

C
ur

re
nt

 (m
A)

Potential (V vs. RHE)

J 
(m

A 
cm

-2
)

Potential (V vs. RHE)

 GB-Pt NAs/C initial
 after 20k cycles
 after 40k cycles
 after 60k cycles

0,2 0,4 0,6 0,8 1,0
-6

-5

-4

-3

-2

-1

0

0,0 0,3 0,6 0,9 1,2
-0,10
-0,05
0,00
0,05

C
ur

re
nt

 (m
A)

Potential (V vs. RHE)J 
(m

A 
cm

-2
)

Potential (V vs. RHE)

 BF-Pt NAs/C initial
 after 20k cycles

8 mV

0,2 0,4 0,6 0,8 1,0
-6

-5

-4

-3

-2

-1

0

0,0 0,3 0,6 0,9 1,2

-0,10
-0,05
0,00
0,05
0,10

C
ur

re
nt

 (m
A)

Potential (V vs. RHE)

J 
(m

A 
cm

-2
)

Potential (V vs. RHE)

 Pt NPs/C initial
 after 20k cycles

53 mV

0,2 0,4 0,6 0,8 1,0
-6

-5

-4

-3

-2

-1

0

0,0 0,3 0,6 0,9 1,2
-0,10
-0,05
0,00
0,05

C
ur

re
nt

 (m
A)

Potential (V vs. RHE)

J 
(m

A 
cm

-2
)

Potential (V vs. RHE)

 Pt/C initial
 after 20k cycles

48 mV

0,1 1 10
0,1

1

10

Sp
ec

ifi
c 

ac
tiv

ity
 (m

A 
cm

-2
)

Mass Activity (A per mgPt)

0

2

4

6

8

10

12

0

2

4

6

8

10

12

J 
(m

A 
cm

Pt
-2

)

J 
(A

 m
g P

t-1
)

 Pt NPs/C
 BF-Pt NAs/C
 GB-Pt NAs/C
 Pt/C

Mass activity
Specific activity



7. GB-rich Pt nanoparticle assemblies

99

Figure 7-8. Mechanisms underlying the enhancement of ORR activity. Calculated binding
energies (Ebinding) for O on fcc and hcp sites on the (111) facet of (a) Pt201 NP and (b) Pt383 Σ3
(111) twin GB model. The values for Pt (111) surface and the peak of the Sabatier volcano are
provided as references257. Gray spheres represent Pt, and colored small dots represent oxygen
adsorption sites. (c) Difference in binding energy (ΔEbinding) of O on the building block of Pt383
Σ3 (111) twin GB and the Pt201 NP. (d) Array of packed Pt383 Σ3 (111) twin GB blocks model.
(e) Surface valence band photoemission spectra of Pt NPs, Pt/C, BF-Pt NAs and GB-Pt NAs.

DFT calculations conducted using the slab model reveal that the oxygen binding energy at the

concave site of Σ3 GB closely approaches the optimal value observed near the peak of the

volcano plot (Figure A7-20), indicating its superior activity towards ORR. In contrast, the

oxygen binding energy at the concave site lacking GBs is significantly weaker compared to

that on the flat (111) surface (Figure A7-20), highlighting the essential role played by both

concave geometry and GBs in enhancing ORR activity. This suggests that the synergistic

effects of concave geometry and GBs are indispensable for optimizing catalytic performance

in ORR.
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The reduction in Ebinding is further experimentally corroborated by a gradual reduction in the d-

band center observed in surface valence band photoemission spectra225, with the trend as

follows: Pt NPs (-3.59 eV) > Pt/C (-3.63 eV) > BF-Pt NAs (-3.70 eV) > GB-Pt NAs (-3.84 eV)

(Figure 7-8e). The optimization of Ebinding of Pt NAs with a high number of concave GB sites

at the surface can be attributed to both the increased coordination number and lattice distortion,

induced by the GBs236–239.

Stability during catalysis

The electrochemical durability of the four electrodes is assessed by subjecting them to 20000

cycles in a 0.1 M HClO4 solution in the range 0.6–1.1 V vs. RHE (Figure 7-7a-d). The results

are presented in Figure 7-9a.

Following cycling, both Pt NPs/C and commercial Pt/C exhibited notable negative shifts in

their ORR polarization curves, accompanied by a 20–30% decline in specific activity and 50%

mass activity. In contrast, for BF-Pt NAs/C, the specific activity and mass activity only shift

by 13.1% and 14.7%, respectively. Encouragingly, upon reaching 20000 cycles, the shift in

ORR polarization curves of GB-Pt NAs/C is negligible. The specific activity only experiences

a modest loss of 2.2%, while the mass activity decreases by merely 2.9%, highlighting their

outstanding durability (Figure 7-9a). Even after 60000 cycles, the specific and mass activity

of GB-Pt NAs/C demonstrate almost negligible activity decay (5.1% loss of specific activity,

7.5% loss of mass activity).

To the best of our knowledge, the excellent initial activity of GB-Pt NAs, paired with its

exceptional durability makes it the highest-performing ORR catalyst after 60000 accelerated

durability tests reported to date.

The superior stability of the nanoassemblies (both GB-Pt NAs and BF-Pt NAs) compared to

the NPs can be attributed to their different geometry. While the small Pt NPs migrate and

aggregate during electrochemical testing (Figure 7-10a,b), resulting in a significant decrease

in ECSA16,  the nanowire geometry of Pt NAs with multiple anchoring points on the carbon

support makes them less mobile during the accelerated tests (Figure 7-10c,d)16. Therefore, the

Pt NAs maintain their ECSA during testing.
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Figure 7-9. Study of the mechanisms contributing to durability enhancement. (a) Mass and
specific activities before and after durability test. (b) Tomogram from an APT 3D atom map
(Figure A7-21, Figure A7-22) of GB-Pt NAs after 60k durability test. (c) 1D composition
profiles of Pt and B along the blue arrow in Figure 7-9b. (d) Tomograms of the region
delineated by the blue box in Figure 7-9b( orange spheres are B atoms). HAADF-STEM image
of (e) GB-Pt NAs after 60k durability test and (f) BF-Pt NAs after 20k durability test. Eremove
from the GB region without B (g) and with a B atom intercalated on the sublayer of the GB (h).
(i) Change in Eremove upon addition of a B atom. The B atom is represented with a black circle.
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Figure 7-10. (a-b) TEM images of Pt NPs/C before (a) and after (b) 20.000 durability test. (c-
d) TEM images of GB-Pt NAs/C before (c) and after (d) 60.000 durability test. A defocus was
purposely introduced to visualize better the carbon support.

Following durability testing, no significant changes were observed in the structure and

chemical composition of GB-Pt NAs (Figure 7-9b–e, Figure 7-11), with the B concentration

on the GBs maintained at ~10 at.%. In the overall catalyst, the B concentration remained

unchanged at ~1 at.%. The concave GBs that connect NP building blocks in GB-Pt NAs is

preserved after testing (Figure 7-9e, Figure 7-11). In addition to Σ3 GBs, even higher-energy

GBs such as Σ11 and Σ33 are observed post-testing. This demonstrates the exceptional

structural stability of GB-Pt NAs. In BF-Pt NAs, both the number of low-angle GBs and

concave sites get reduced during the durability testing (Figure 7-9f), which explains their

larger loss in specific and mass activity compared to GB-Pt NAs/C.

To validate the ORR performance observed at the RDE level, H2-air proton exchange

membrane fuel cells (PEMFC) tests were conducted using fuel cells with either GB-Pt NAs/C

or BF-Pt NAs/C as cathode catalyst, each with a Pt loading of 0.1 mg/cm2. The H2-air fuel cell

with GB-Pt NAs/C exhibited a current density of 1.52 A/cm2 at 0.6 V and achieved a peak

power density of 0.935 W/cm2, surpassing the performance of the BF-Pt NAs/C-based system,

which reached 1.09 A/cm2 at 0.6 V and peak power density of 0.814 W/cm2 (Figure A7-23).

Moreover, the H2-air PEMFC with GB-Pt NAs/C operated stably at a constant voltage of 0.6
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V for over 100 h, displaying negligible current density decay (~2.1%). In contrast, the BF-Pt

NAs/C-based fuel cell showed a significant degradation of ~22.7% under the same conditions.

The superior durability of GB-Pt NAs compared to BF-NAs points towards B segregation at

GBs as an effective strategy for stabilizing these high-energy, metastable defects. B segregation

plays a dual role in enhancing the structural stability of GB-Pt NAs in two ways. First, it

increases the GB strength (Figure A7-24). B segregation leads to the formation of strong

covalent B-Pt bonds, which enhance cohesion at the GBs and reduce their susceptibility to

migration and annihilation. Second, it stabilizes the surface Pt atoms near GBs (Figure 7-9g-

i). B segregation at the GBs increases the energy required to remove surface Pt atoms near the

GBs. EXAFS analysis indicates that B segregation results in shorter Pt-Pt bonds within GB-Pt

NAs (Table A7-2), thereby strengthening surface Pt-Pt interactions. This stabilization

effectively inhibits the dissolution of surface Pt atoms and maintains the concave geometry

near the GBs. The combined effect of B segregation—reinforcing the GBs and stabilizing

surface Pt atoms—significantly enhances the structural stability of GB-Pt NAs. Consequently,

the durability tests did not result in significant structural changes or notable degradation in the

ORR performance of GB-Pt NAs.

Figure 7-11. Low (a) and high-magnification (b) HAADF-STEM images of GB-Pt NAs after
durability testing, with the GBs between the Pt NP building blocks within the GB-Pt NAs
indicated by yellow dashed lines.

7.3 Conclusions

To summarize, we propose a design strategy for ORR catalysts to enhance their mass activity

and durability. The mass activity is optimized by simultaneously maintaining the inherently

high ECSA of ultra-small (~2 nm) Pt NPs, while substantially enhancing their specific activity.
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This is achieved by assembling the Pt NPs into ultrafine, GB-rich nanowire-shaped Pt

nanoassemblies (GB-Pt NAs). The assembly process results in the formation of multiple

concave GB sites at their surface terminations, which increase the local coordination number.

Additionally, it induces lattice distortions in the vicinity of the GBs. These two factors

combined lower the oxygen binding energy, thus activating previously inactive ORR sites. As

a consequence, GB-Pt NAs (rich in concave GB sites) exhibit outstanding ORR activity, with

specific activity and mass activity reaching 9.18 mA/cm2 and 6.40 A/mgPt at 0.9 V vs. RHE,

respectively, representing enhancements of 40-fold and 38-fold compared to commercial Pt/C

catalysts. Additionally, B-segregation at the GBs is proven to lower their energy and to help

maintain excellent ORR activity for 60,000 potential-scanning cycles (0.6 to 1.1 V vs. RHE).

Future research evaluating the performance of GB-Pt NAs/C in practical fuel cell tests could

provide a more comprehensive understanding of the ORR performance of these catalysts under

real fuel cell conditions, and explore the B stabilization effects in a practical device.

Our findings present an effective strategy for enhancing the activity and durability of ORR

catalysts, which can be applied across a range of catalytically active NP systems.

7.4 Experimental methods

Chemicals and materials

Platinum (II) acetylacetonate (Pt(acac)2, 97%, Sigma Aldrich), oleylamine (OAm, 70%, Sigma

Aldrich), diethylamine (DEA, Sigma Aldrich), sodium citrate dihydrate (C6H9Na3O9, Sigma

Aldrich), citric acid (C6H8O7, Sigma Aldrich), boric acid (H3BO3, Sigma Aldrich), cyclohexane

(C6H12, Sigma Aldrich), ethanol (Sigma Aldrich), isopropanol (Sigma Aldrich), perchloric acid

(HClO4, 70%-72%, Sigma Aldrich), commercial carbon support (XC-72R), Nafion (5%,

Sigma Aldrich), commercial Pt/C catalyst (20 wt%, Johnson Matthey (JM) Inc), dialysis tubing

(Thermo Scientific SnakeSkin, 3.5K MWCO), and dialysis tubing closures (Thermo Scientific)

were used as received.

Synthesis of Pt NPs

Initially, 9 mL of OAm (27.4 mmol) underwent degassing by argon at 80°C for 20 minutes,

followed by the addition of 0.051 mmol of Pt(acac)2 (20 mg) in a 25 mL round-bottomed flask.

After vigorous magnetic stirring for 30 minutes, homogeneous complexation of Pt(acac)2 with

OAm was achieved. The flask was then transferred to an oil bath preheated to 210°C and

allowed to equilibrate for 10 minutes until reaching the desired temperature. Subsequently, 100
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sccm of carbon monoxide was introduced and bubbled through the mixture for 1 minute. The

flask was then removed from the oil bath and allowed to cool naturally. The OAm-capped Pt

NPs were precipitated with ethanol by centrifugation, followed by re-dispersion in

cyclohexane. This precipitation/re-dispersion process was repeated three times. The resulting

OAm-capped Pt NPs were dispersed in 5 mL of cyclohexane for ligand exchange to citrate.

Subsequently, citrate (Sigma Aldrich) was used to replace OAm on the surface of the Pt NPs.

Ligand exchange from OAm to citrate was conducted in two steps. (1) 5 mL OAm-capped Pt

NPs were mixed with 5 mL DEA and stirred for 24 h. The solution was centrifuged, washed

with ethanol, and redispersed in 10 mL of DEA. The DEA-capped Pt NPs were subjected to

stirring for 24 h, leading to the complete replacement of OAm with DEA, as demonstrated in

Figure A7-3. The Pt NPs were then washed with ethanol and re-dispersed in 5 mL DI H2O.

(2) 1 mL 10 mg/mL sodium citrate and 1 mL 10 mg/mL boric acid were added in 5 mL aqueous

DEA-capped Pt NPs, followed by sonicating for 1 h and magnetic stirring for 24 h. The

complete ligand exchange from DEA to citrate was confirmed through Fourier-transform

infrared spectroscopy, as depicted in Figure A7-3. For BF-Pt NAs, 1 mL 10 mg/mL citric acid

rather than boric acid was adopted in this step. The citrate-capped Pt NPs were washed and re-

dispersed in DI H2O.

Preparation of Pt NAs

Initially, to remove impurity ions from the citrate-capped Pt NP solution, a dialysis method

was employed. The Pt NP solution was introduced into dialysis tubing, which was then

suspended in a 1 L beaker containing DI water. Magnetic stirring was applied to the DI water

to facilitate the diffusion of impurity ions from within the dialysis tubing. The DI water was

refreshed twice daily, and the dialysis process was carried out for three days. Subsequently, a

flow of high-purity H2 gas, with a flow rate of 200 sccm, was continuously injected and

bubbled through a 10 mL solution of ~3.6 μM citrate-capped Pt NPs for 5 hours. During this

process, a noticeable color change from grayish-brown to clear occurred, indicating the

formation of GB-Pt NAs. After cessation of the H2 gas purging, the solution was allowed to

settle for 2 hours, enabling the GB-Pt NAs to settle at the bottom of the beaker. The supernatant

was then carefully removed using a pipette, and the GB-Pt NAs underwent thorough washing

with DI water. The synthesis of GB-Pt NAs followed the same procedure employed for BF-Pt

NAs, with the exception of omitting boron in the Pt NP solution.
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Electron microscopy

High-angle annular dark-field scanning transmission electron microscopy imaging was

conducted using a Thermo Fisher Titan Themis 80-300 microscope equipped with probe Cs

correction, operating at an accelerating voltage of 300 kV. Additionally, high-resolution

transmission electron microscopy (HR-TEM) was performed utilizing a Cs image aberration-

corrected Thermo Fischer Titan Themis 60-300 microscope, also operating at 300 kV. The

estimation of particle size distribution was carried out employing Nano Measurer 1.2 software.

The acquired HAADF-STEM images were subjected to analysis and processing using Gatan

Microscopy Suite 3.0 (GMS 3.0) Software. The identification of crystallographic planes and

zone axis was achieved by evaluating the interplanar spacing (d-spacing) and angles derived

from FFT images. The identification of GB types was accomplished by examining the

misorientations between two neighboring grains possessing the same zone axis.

The crystal lattice parameters, atomic column positions, and local lattice deformation observed

in HAADF-STEM images were investigated employing the MATLAB program known as

STATSTEM96. STATSTEM is a software tool designed to extract atomic positions in real

space from high-resolution STEM images. In contrast to the Fourier space-based strain

calculation approach employed by the geometric phase analysis algorithm, STATSTEM offers

a method for identifying and refining atomic column positions in the real space through the

fitting of two-dimensional Gaussians in the local maxima of intensity (i.e., the atomic

columns). Utilizing real space methods, as provided by STATSTEM, offers the advantage of

circumventing artifacts that may arise from the Fourier transform.

X-ray characterization

The high-resolution XRD patterns were obtained utilizing a Bruker Powder X-ray

diffractometer equipped with a Cu Kα radiation source. For the analysis of crystallite size and

non-uniform strain, the Williamson-Hall equation βcosθ=Kλ/<D>+4εsinθ was employed. Here,

β represents the full width at half maximum (FWHM) of the diffraction peaks, K is the Scherrer

constant, λ is the wavelength, <D> corresponds to the average crystallite size, and ε denotes

the strain.

X-ray photoelectron spectroscopy (XPS) data were collected using an Al Kα X-ray

Photoelectron Spectrometer (Thermo Scientific) and calibrated based on the C1s peak at 284.8

eV. The XPS data were subjected to analysis and fitting using a composite function (30%

Lorentzian+70% Gaussian) with the aid of the Avantage software.
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The determination of the valence band spectra's center of gravity (εd) involves calculating the

integral εd =
      ʃ N(ε)εdε

 ʃ N(ε)dε
within the energy ranging -10 eV to -1 eV, with N(ε) denoting the density

of states.

X-ray absorption spectroscopy (XAS) measurements were carried out at the BL14W1 beamline

of the Shanghai Synchrotron Radiation Facility, where the synchrotron storage ring operated

at an energy of 3.5 GeV and the linear electron accelerator operated at 150 MeV.

Atom probe tomography

The Pt NPs or GB-Pt NAs were incorporated into a Ni matrix through the utilization of a co-

electrodeposition technique258. The experimental setup involved employing a Cu foil (0.2 cm2)

as the working electrode, which was etched using 0.5 M H2SO4, and a Pt mesh (2 cm2) serving

as the counter electrode. The electrolyte consisted of a well-mixed aqueous nickel solution (5

mL) containing 1.5 g NiSO4·6H2O and 0.225 g citric acid, along with 10 mg of Pt NPs or GB-

Pt NAs, which underwent ultrasonication for 1 hour. The working electrode was subjected to

a constant current of -19 mA for 500 s, ensuring the co-encapsulation of Pt NPs or GB-Pt NAs

within the Ni film on the Cu foil.

To prepare a needle-shaped APT specimen, a Ga-plasma focused ion beam (FEI 600

DualBeam) was utilized following the standard APT sample fabrication procedure253,254. The

embedded Pt nanoassemblies or nanoparticle within the Ni film caused protrusions on its

surface. These regions were carefully sectioned and transferred onto Si coupons as lamellas.

The lamella was then sharpened to achieve a needle-shaped APT specimen.

The needle-shaped specimens were introduced into a LEAP 5076 XS instrument (Cameca) for

analysis. All APT experiments were conducted in pulsed laser mode, employing specific

parameters such as a temperature of 50 K, a detection rate of 0.8%, a laser energy of 60 pJ, and

a laser pulse frequency of 125 kHz. The obtained data underwent analysis and reconstruction

utilizing the standard voltage reconstruction protocol, facilitated by the commercially available

IVAS 3.8.4 software (Cameca).

Other characterization methods

The zeta potential of the Pt nanoparticle solution loaded into quartz cuvettes was determined

using a Zetasizer Nano-ZS instrument (Malvern Instruments, UK) in high-resolution mode.

Fourier-transform infrared spectroscopy (FTIR) spectra were acquired using a Bruker Tensor

27 FTIR spectrophotometer. Furthermore, the Pt concentration in the ink was quantified via
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inductively coupled plasma atomic emission spectroscopy (ICP-AES) using a 710-ES

instrument from Varian.

Electrochemical characterization

The electrochemical measurements were carried out using a CHI660E electrochemical

workstation (CHI Instrument) with a rotating disk electrode (PINE Instrument) at room

temperature. The glassy carbon electrodes (diameter=5mm, geometric area=0.196cm2), Pt wire

and Ag/AgCl electrode (3.0 M KCl) were used as working electrode, counter electrode, and

reference electrode, respectively. All the potentials were converted to RHE. The RHE

calibration of 3.0 M KCl Ag/AgCl reference electrode was performed in a high purity H2

saturated 0.1 M HClO4 aqueous solution where polished Pt wires were used as the working and

counter electrodes. The linear scanning voltammetry was run at a scan rate of 1 mV/s, and the

potential of zero current was taken as the reaction potential of the hydrogen electrode. The

potential measured with the 3.0 M KCl Ag/AgCl electrode were calculated as following:

E(RHE) = E(Ag/AgCl) + 0.269V. The GB-Pt NAs were dispersed in DI water by sonicating

for 1 h, followed by adding commercial Vulcan carbon (XC-72) with a mass four times than

Pt (wt% of Pt=20%) and sonicating for another 1 h to make Pt /C samples. Then, the GB-Pt

NAs/C were dispersed in the mixture of isopropanol and Nafion (5%) (v:v=1:0.005) to form a

homogeneous ink by sonicating for 1 h. Prior to the electrochemical test, the Pt particles were

uniformly dispersed onto the commercial Vulcan support via the sufficient ultrasonic

dispersion (named as Pt NPs/C, BF-Pt NAs/C and GB-Pt NAs/C). The concentration of Pt was

controlled to be 0.25 mgPt/mL measured by ICP-AES. The uniform catalyst layer was prepared

by pipetted 5 μL of the ink onto the glassy carbon electrode followed by drying at ambient

conditions. The loading amount of Pt was controlled at 6.4 μg/cm2.

The cyclic voltammetry tests were conducted in N2-saturated 0.1 M HClO4 aqueous solution

with a scan rate of 50 mV/s. The ECSA was calculated by integrating hydrogen adsorption

charge on CV curves by assuming a value of 210 μC/cm2 for the adsorption of a hydrogen

monolayer. The ORR tests were performed in O2-saturated 0.1 M HClO4 electrolyte with a

scan rate of 10 mV/s with a rotating rate of 1600 rpm. The current densities of the ORR

polarization curves were normalized to the geometric area of the glassy carbon electrode (0.196

cm2). The specific and mass activities were calculated by normalizing the kinetic current to the

ECSA and mass of the loading Pt, respectively. The accelerated durability tests were carried

out by applying the cyclic potential sweeps in the range of 0.6 V‒1.1 V vs. RHE at a sweep
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rate of 100 mV/s for 60000 cycles in O2-saturated 0.1 M HClO4 electrolyte at room

temperature.

DFT calculations

All density functional theory calculations were carried out using the Vienna ab initio simulation

package (VASP)259, employing the projected-augmented wave (PAW) method to describe core

electrons260. A basis set cutoff of 400 eV was utilized, consistent with previous studies243. The

generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)

functional was employed to evaluate the exchange-correlation energy for the Σ3 (111) [110]

twin GB model. Its revised version from Hammer et al. (RPBE) was utilized for Pt (111) slab

models, Pt201 NP models and Pt383 Σ3 [110] (111) GB models261.

The Pt (111) surface was constructed as a four-layer (2√3×2√3) slab. The bottom two layers

of Pt (111) surface were kept frozen, while the other layers and adsorbed molecules were

allowed to be relaxed. A vacuum thickness of 14 Å was added to surface slab models to prevent

appreciable interaction between periodic images. The Monkhorst-Pack scheme was employed

to sample the Brillouin zone using a Γ–centred 3×3×1 k-point grid for atomic structure

optimization262. For Pt201 NP and Pt383 Σ3 [110] (111) GB models, a vacuum space of >14 Å

was included to eliminate interactions between periodic images. During structural

optimization, only the Γ point was sampled for the Brillouin zone, with energy and force

convergence thresholds set at 10-6 eV and 0.01 eVÅ-1, respectively.

The oxygen binding energy, denoted as Ebinding, was calculated using the equation:

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑃𝑡+𝑂
𝑌 − 𝐸𝑃𝑡

𝑌 − 𝜇𝑂 Eq. 7-1

where Y stands for slab, NP or GB. 𝐸𝑃𝑡+𝑂
𝑆𝑙𝑎𝑏 , 𝐸𝑃𝑡+𝑂

𝑁𝑃  and 𝐸𝑃𝑡+𝑂
𝐺𝐵  represent the total energies of the

Pt (111) surface slab models, Pt201 NP models and Pt383 Σ3 [110] (111) GB models with the

adsorbed O species, respectively.

Similarly, 𝐸𝑃𝑡
𝑆𝑙𝑎𝑏 , 𝐸𝑃𝑡

𝑁𝑃  and 𝐸𝑃𝑡
𝐺𝐵 stand for the total energies of the Pt (111) surface slab models,

Pt201 NP models and Pt383 Σ3 [110] (111) GB models without the adsorbed O species,

respectively. μO corresponds to the chemical potential of O, derived as half of the total energy

of an isolated O2 molecule. The calculated binding energy of O on the FCC hollow site of

Pt(111) is -1.56 eV, consistent with the value reported by Nørskov et al. (-1.57 eV)69.
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The energy required for the removal of one Pt atom from Pt383 Σ3 [110] (111) GB models,

with or without a B atom, is denoted as Eremove. This energy is calculated using the following

equations:

For removal without a B atom:

𝐸𝑟𝑒𝑚𝑜𝑣𝑒 = 𝐸𝑃𝑡
𝐺𝐵 − 𝐸𝑃𝑡

𝐺𝐵+𝑉𝑎𝑐 − 𝜇𝑃𝑡 Eq. 7-2

For removal with a B atom:

𝐸𝑟𝑒𝑚𝑜𝑣𝑒 = 𝐸𝑃𝑡+𝐵
𝐺𝐵 − 𝐸𝑃𝑡+𝐵

𝐺𝐵+𝑉𝑎𝑐 − 𝜇𝑃𝑡 Eq. 7-3

where 𝐸𝑃𝑡
𝐺𝐵 and 𝐸𝑃𝑡

𝐺𝐵+𝑉𝑎𝑐 represent the total energies of Pt383 Σ3 [110] (111) GB models without

and with a Pt vacancy, respectively. Similarly, 𝐸𝑃𝑡+𝐵
𝐺𝐵  and 𝐸𝑃𝑡+𝐵

𝐺𝐵+𝑉𝑎𝑐 represent the total energies

of Pt383 Σ3 [110] (111) GB models without and with a Pt vacancy in the presence of a B atom.

μPt corresponds to the chemical potential of Pt, which is derived from the total energy of the Pt

FCC bulk phase per atom.

The Σ3 (111) [110] twin GB is selected as a representative high-angle GB. The supercell shown

in Figure A7-19 contains 12 atomic layers (6 atoms per layer, 72 atoms per cell) and represents

a cell doubled along the [12ത1] and tripled along [111] directions. The GB supercell includes

one GB where a B solute atom was placed at the GB layer such that possible interactions

between them are avoided. The single B atom replaces one of six equivalent host atoms in the

GB plane as shown in Figure A7-19. The dimension of all the models was fixed during

structural optimizations allowing relaxations only along the direction perpendicular to the GB

plane. A 2x8x16 Monkhorst-pack k-point mesh was used in all calculations of GB structures.

The force convergence criterion for atomic relaxation was set to 0.02 eVÅ-1.

The ability of a heteroatom X to segregate to the GB can be characterized by the segregation

energy given by:

𝐸𝑠𝑒𝑔 = (𝐸𝑃𝑡+𝐵
𝐺𝐵 − 𝐸𝑃𝑡

𝐺𝐵) − ൫𝐸𝑃𝑡+𝐵𝑏𝑢𝑙𝑘 − 𝐸𝑃𝑡𝑏𝑢𝑙𝑘൯ Eq. 7-4

Here, 𝐸𝑃𝑡
𝐺𝐵 ,𝐸𝑃𝑡+𝐵

𝐺𝐵 , 𝐸𝑃𝑡𝑏𝑢𝑙𝑘  and 𝐸𝑃𝑡+𝐵𝑏𝑢𝑙𝑘  are the total energy of the pure Pt GB, GB in presence of

the B atom, pure bulk Pt and bulk Pt with heteroatom B respectively. A negative segregation
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energy indicates that the heteroatoms prefer to segregate towards GB from the bulk

environment.

The conventional coordination number describes the number of atoms, ions, or molecules

surrounding a central atom or ion as its first-nearest neighbors within a complex, coordination

compound, or crystal. In contrast, the generalized coordination number expands upon this

concept by incorporating a weighted average of both first-nearest and potentially second-

nearest neighbors263:

𝐺𝐶𝑁𝑖 = ෎
𝐶𝑁𝑗

{𝐶𝑁𝑗}𝑚𝑎𝑥

𝑛

𝑗=1

Eq. 7-5

Here, GCNi represents the generalized coordination number of atom i, with n denoting the total

number of first-nearest neighbors. CNj denotes the conventional coordination number of these

first-nearest neighbors, while {CNj}max indicates its maximum value.
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8 Grain Boundary Engineering for Efficient and Durable

Electrocatalysis

Note: The following Chapter is based on the publication “Grain Boundary Engineering for

Efficient and Durable Electrocatalysis”, by X. Geng, M. Vega-Paredes et al., in Nature

Communications 2024, 15, 8534. Therefore, the personal pronoun ”we” is used throughout this

chapter to refer to the group of researchers that were part of this specific study.

Having seen the potential of defects and grain boundaries to enhance the catalytic activities of

nanomaterials, Chapter 8 deals with how to control the grain boundary density and which

structural changes induced by grain boundaries are responsible for the enhanced catalytic

activity.

Grain boundaries in noble metal catalysts have been identified as critical sites for enhancing

catalytic activity in electrochemical reactions such as the oxygen reduction reaction. However,

conventional methods to modify grain boundary density often alter particle size, shape, and

morphology, obscuring the specific role of grain boundaries in catalytic performance. This

study addresses these challenges by employing gold nanoparticle assemblies to control grain

boundary density through the manipulation of nanoparticle collision frequency during

synthesis. We demonstrate a direct correlation between increased grain boundary density and

enhanced two-electron oxygen reduction reaction activity, achieving a significant improvement

in both specific and mass activity. Additionally, the gold nanoparticle assemblies with high

grain boundary density exhibit remarkable electrochemical stability, attributed to boron

segregation at the grain boundaries, which prevents structural degradation. This work provides

a promising strategy for optimizing the activity, selectivity, and stability of noble metal

catalysts through precise grain boundary engineering.

8.1 Introduction

In heterogeneous catalysis, the catalysts’ activity and stability are critical factors for practical

applications264. Integration of strain, through incorporating microstructural defects or doping,

is an effective strategy for synthesizing highly active nanocatalysts 22,59–61,254,265–269. Lattice

strain modulates the surface electronic structures, i.e. d-band center and width, which can be

used for optimizing the binding energy of reaction intermediates and hence reducing the overall

energy barrier for specific reactions78,270. In addition, microstructural defects offer distinctive

coordination environments and surface configurations, which also tune the electronic structures
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and reaction pathways22,59–61. Grain boundaries are two-dimensional structural defects that can

effectively synergize these strategies: they can induce local lattice strain59,60, atomic step

ridges60, and offer unique active sites for reactions like the four-electron oxygen reduction

reaction.239,271–274 For instance, Maillard et al. demonstrated that Pt–Ni nanocrystals with

increased surface distortion exhibit superior four-electron ORR activities compared to their

less defective counterparts.239,273,274 However, due to the challenge of introducing GBs in

nanocatalysts in a controlled manner, the understanding of how GBs modulate catalytic activity

and their potential to catalyze other reactions remains limited. Existing strategies for tuning

GB density modify also the size, shape and morphology of nanocatalysts, hampering the

interpretation of the relationship between GBs and catalytic activity.271 Our understanding is

also limited by incomplete characterization of GB type distribution, their atomic arrangement

and local composition. This lack of understanding leads to a negligence of the potential of GBs

to regulate not only the catalytic activity but also selectivity towards certain pathways. For

instance, having an active catalyst for oxygen reduction,271,272 that is also selective towards its

two-electron pathway would enable the electrochemical production of hydrogen peroxide

(H2O2), a chemical widely used in various industries.5,56,275

In addition, the stability of GBs during electrocatalysis is also debated. Some studies suggest

that Pt GBs are stable during four-electron ORR,271,276 while others report poor stability of GBs

in polycrystalline PtCo nanowires compared to single-crystal counterparts. Atoms at GBs are

thermodynamically unstable due to their high energy, which can lead to structural degradations

and catalyst deactivation.272 Inconsistent stability reports may be due to local compositional

variations and trace impurities at GBs,253 which are challenging to detect with conventional

techniques but have been reported to effectively stabilize these defects. For instance, boron (B)

is reported to stabilize the GBs of bulk polycrystals by lowering their energy,277,278 enhancing

overall structural integrity. However, its effect on GB stabilization in nanocatalysts remains

unexplored. Advanced atomic-scale characterization methods, such as atom probe tomography

(APT),253 HAADF-STEM,279 and 4D-STEM,280 are essential for investigating the local

composition and structure near GBs, thus advancing our understanding of their catalytic roles.

Here, we have achieved the formation of GB-rich nanoparticles assemblies through the

collision, attachment, and coalescence of Au NPs' surfaces devoid of capping agents (Figure

8-1a). The NP collisions are driven by the continuous bubbling of H2 gas into the solution, and

the GB density can be controlled by the gas flow rate that modifies the collision frequency.

The introduction of GBs leads to pronounced lattice distortions, resulting in local strain near
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the GB regions, stacking faults, dislocations and atomic step ridges. Furthermore, an expansion

of the crystal lattice parameter and a simultaneous reduction in coordination number is

observed with the formation of an increased number of GBs. The Au nanoassemblies exhibit

an outstanding performance towards the two-electron ORR, a more than two orders of

magnitude increase in mass and specific activity with respect to GB-poor Au NPs, showcasing

the pivotal role of GBs in promoting high reactivity and selectivity. Moreover, the stability of

Au nanoassemblies has been found to depend on the concentration of boron species (stemming

from boric acid used during the synthesis) that segregate to the GBs to lower their free energy,

inhibiting diffusion and annihilation of GBs. Heteroatom engineering at the GBs demonstrates

the capacity to stabilize exceptionally active GBs and helps maintain the outstanding two-

electron ORR properties, with minimal degradation over a period extending beyond 100 hours.

8.2 Results and Discussion

Grain boundary-rich nanoparticle assemblies

The introduction of H2 gas at a high flow rate (300 standard cubic centimeters per minute,

sccm) into a solution containing citrate-capped Au NPs (Figure 8-1b, Figure 8-2) initiates the

attachment of Au NPs into porous, nanoscale assemblies (denoted as H-Au NAs, Figure 8-1c),

in which the NPs act as building blocks that maintain their initial size (see Appendix, Figure

A8-2).The assembly of Au NPs comprises three distinct stages. Firstly, under mildly alkaline

conditions (pH=10), the initially capped citrate ligands undergo gradual detachment from the

NP surface (Figure A8-3) due to their instability (Figure A8-4),281 and as a consequence, OH⁻

ions can adsorb onto the NP surface. During this stage, the steric repulsion between Au NPs

originating from the citrate ligands is alleviated, although electrostatic repulsion persists due

to the adsorption of OH⁻ ions (Figure A8-5a-c).282 Secondly, the continuous bubbling of an

excess amount of hydrogen gas into the Au NP solution facilitates competitive adsorption

between OH⁻ ions and H atoms. This results in the gradual replacement of surface-bound OH⁻

ions by H atoms, thereby transforming the negatively charged NP surface into a nearly neutral

state and eliminating electrostatic repulsion between Au NPs (Figure A8-5c). Thirdly, the

introduction of H₂ gas into the NP solution induces turbulence and convection currents, thereby

increasing the frequency of NP collisions. Upon approaching each other, two NPs can undergo

spatial rotation, followed by attachment and coalescence at regions devoid of ligands to form

a GB.
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Figure 8-1. Synthesis of GB-rich nanoassemblies. (a) Illustration depicting the formation of
GB-rich Au NAs through the collision, attachment, and coalescence of NPs. (b) TEM image of
Au NPs. (c) HAADF-STEM image of H-Au NAs. (d) High-resolution HAADF-STEM
micrograph of the GBs between the Au NP building blocks within H-Au NAs. (e) HAADF-
STEM image and (f) grain orientation maps from the corresponding 4D-STEM dataset for H-
Au NAs. The inset shows the color code for the out-of-plane coordinates. (g) Histogram plots
of the GB types derived from ~600 GBs in the 4D-STEM data. (h) 4D-STEM map highlighting
the boundaries between grains.
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The primary driving force for this spontaneous attachment is the elimination of bare regions

lacking ligand protection, possessing high surface energies, thereby reducing the total energy

of the system.283 Other structural defects such as step sites, stacking faults, and dislocations

may arise due to imperfect orientation during the attachment process. Furthermore, NP

attachment typically results in anisotropic growth, giving rise to nanowire morphology.284 If

other gases (e.g., Ar, N2) are used instead of H2, the NP attachment does not occur (Figure A8-

5d-i) due to the electrostatic repulsions between OH- capped NPs’ surfaces. Each H-Au NAs

consists of individual Au crystals, which can be regarded as their NP building blocks,

connected by GBs (Figure 8-1d). Among a randomly selected set of 22 GBs (Figure 8-1d,

Figure A8-6), we have identified 16 Σ3 GBs, 1 Σ11 GB, 2 Σ27 GBs, 1 Σ33 GB based on CSL

theory244, and 2 low-angle GBs. We also observed five-fold twin boundaries in Au NAs

(Figure 8-1d). A small number of them could be present in the Au NPs before assembly, while

the rest could be formed through high-energy GB decomposition and partial dislocation

slipping during NP attachment.250

Figure 8-2. High-resolution HAADF-STEM image of an Au NP oriented along the [011] zone
axis (a) and corresponding FFT (b).

Remarkably, the shapes of individual NP building blocks within H-Au NAs have changed

significantly when compared to the isolated Au NPs. Spherical NPs have formed

nanoassemblies with nearly polygonal grains, implying that collisions among NPs or their

posterior reorientation have induced important deformations in the structure of these building

blocks (Figure 8-3a).

To obtain a statistical analysis of the GBs present in H-Au NAs, we have employed 4D-STEM

(Figure 8-1e-h, Figure A8-7, Figure A8-8, Figure A8-9)34,285. Among ~600 GBs, H-Au NAs

contain ~7% LAGBs and ~93% HAGBs, including 31% Σ3 GBs along with other CSL GBs
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(Figure 8-1g). Although a trace number of Au NPs possess low-energy Σ3 GBs (Figure A8-

10), the vast majority of them are found to be free of GBs (Figure A8-11), implying that most

of the GB defects are formed during the assembly process. Therefore, the GB density of Au

NPs is set to 0 µm-1. in the follow up discussion. During the collision event between two NPs

initially randomly oriented, they can reorient to lower energy orientations,250 explaining why

lower energy GBs (i.e., Σ3) are more frequently observed. As the assemblies grow there are

lower degrees of freedom left, and higher energy HAGBs form as well. Beyond GBs, H-Au

NAs contain stacking faults and dislocations (Figure 8-1d), which can be remnants of the

rotation process of multiple NPs merging.250

The surface of the H-Au NAs exhibits a high number of atomic step ridges (Figure 8-3a-c,

Figure A8-12), which are likely a result of surface reconstruction taking place during the

assembly process. Relative to terrace sites, step sites possess lower coordination numbers, thus

exhibiting higher catalytic activity.59,286–288 Moreover, the GB terminations at the surface form

line defects with a distinct coordination environment (Figure 8-3d), which can also enhance

the catalytic activity.7 Numerous triple junctions (i.e., a line defect where three GBs converge)

are also observed on H-Au NAs (Figure 8-3a, Figure 8-4). These line defects propagate to the

surface of the NAs, creating a point defect that can act as a catalytically active site.

Additionally, deviations of the relaxed atomic positions are observed in the nanoassemblies, as

seen by the distortions on the GBs structural units in the vicinity of the triple junctions (Figure

8-3d,e) and by the presence of lattice strain.

High levels of strain are found next to the higher energy GBs (i.e., ∑9, ∑27) and triple junctions

(Figure 8-3f-h). This results in strain-rich surface regions next to the defects' surface

terminations, which can optimize the binding energy of reaction intermediates. Strain maps

from the 4D-STEM data in a larger area (hundreds of square nanometers) reveal a similar

uneven distribution of the strain, with higher strain levels located in the regions between the

NP building blocks (Figure 8-3i-k, Figure A8-7, Figure A8-8, Figure A8-9).
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Figure 8-3. Defects and strain characterization for H-Au NAs. (a) HAADF-STEM image of
GBs and undercoordinated surface atoms (orange dots) in H-Au NAs. Enlarged regions
showing the (b, c) surface terminations and structure of (d) ∑9/(221) and (e) ∑27/(552) GB.
(f-h) Real space strain maps along the x (εxx), y (εyy) and xy (εxy) directions. (i) Virtual annular
dark field image from the 4D-STEM data. (j, k) Corresponding relative strain maps (εxx, εyy).

Tuning the grain boundary density

We now demonstrate how the H2 gas bubbling can modulate the GB density in the NAs, by

using both a low flow rate of 30 sccm (L-Au NAs) and a medium flow rate of 100 sccm (M-

Au NAs). With increasing flow rate, the NAs transitioned in morphology from a loosely

connected network to a network with more ramifications, still containing GBs (Figure 8-5a-e,

Figure A8-13, Figure A8-14). This can be attributed to an increase in the frequency of

collisions among NPs induced by the increasing fluid flow (Figure A8-15), since it leads to a

homogenization of growth probabilities across various sites, thereby contributing to the

augmented number of ramifications.
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Figure 8-4. (a) Low- and (b) high-magnification HR-TEM images of H-Au NAs. The different
defects present in the crystal lattice are indicated.

The GB surface density is defined as the ratio of the total GB surface length to the exposed

surface area. For calculating it, we relied on the surface area reduction during the assembly

process assuming that each NP attachment leads to the creation of a GB (see Experimental

section)243 and that crystallite size does not change significantly during the assembly process,

as confirmed by the size distribution histograms calculated from the STEM images (Figure

A8-16). The surface area is quantified by monitoring the reduction of gold oxides using cyclic

voltammetry under equivalent catalyst load (Figure 8-5f). With this method, we estimate that

the GB surface density within the Au NAs progressively increases with the gas flow rate from

98 µm-1 at 30 sccm (L-Au), 160 µm-1 at 100 sccm (M-Au), to 235 µm-1 at 300 sccm (H-Au)

(Figure 8-5g, see Experimental section for more details). This trend aligns with the

morphology evolution evaluated by STEM (Figure 8-5a-e), which indicates a higher degree

of NP interconnectivity at elevated flow rates, and therefore a higher GB density (Figure 8-5g).

Brunauer-Emmett-Teller (BET) measurements indicate that L-Au NAs, M-Au NAs, and H-Au

NAs possess large specific surface areas and high porosity (Figure A8-17). Among these, L-

Au NAs exhibits the largest specific surface area, pore diameter, and pore volume, while H-Au

NAs has the smallest. The specific surface area and porosity of M-Au NAs are intermediate

between those of L-Au NAs and H-Au NAs. The trends in BET-measured specific surface

areas of Au NAs are consistent with electrochemical measurements. 4D-STEM measurements

indicate that both L-Au NAs and M-Au NAs have a similar GB type distribution to H-Au NAs,

comprising approximately 10% LAGBs and 90% HAGBs, including about 30% Σ3 GBs



8. Tuning GB density of Au nanoparticle assemblies

121

alongside other CSL GBs (Figure A8-18). The rate of hydrogen gas bubbles did not affect the

GB type distribution.

Figure 8-5. Tuning the GB density by varying H2 flow rate. TEM images of Au NAs prepared
from (a) a low-flow-rate (L-Au NAs), (b) a medium-flow-rate (M-Au NAs) and (c) a high-flow-
rate (H-Au NAs). HAADF-STEM image of the GBs in (d) L-Au NAs and (e) M-Au NAs. (f)
Cyclic voltammograms. (g) Relationship between gas flow rates and GB surface density. (h)
XRD patterns of L-Au NAs, M-Au NAs and H-Au NAs. (i) Fourier-transformed EXAFS spectra
for Au L3-edge for Au NPs, L-Au NAs, M-Au NAs, and H-Au NAs. (j) Correlation between GB
surface density and lattice expansion/coordination number.

The XRD peak positions of (111) and (200) crystallographic planes of Au NAs exhibit a

monotonous shift towards lower angles (Figure 8-5h) indicating a gradual expansion of the

lattice with increasing gas flow rate (used in the assembly process). This is further confirmed

by analyzing the Fourier-transformed EXAFS spectra in the frequency domain, which reveal

an increase in the bond length of the NAs with an increasing flow rate (Figure 8-5i). The lattice

expansion derived from EXAFS analysis of L-Au NAs, M-Au NAs, and H-Au NAs are

approximately 2%, 4%, and 6%, respectively. Interestingly, we found a linear relationship
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between GB density and the degree of lattice expansion. Additionally, the EXAFS spectra

indicate that there is a sequential reduction in coordination number (Figure 8-5I,j,),

transitioning in the order of Au NPs (∼12), L-Au NAs (∼10.9), M-Au NAs (∼9.9), and H-Au

NAs (∼8.7) (Table A8-1). The decline in coordination numbers can be ascribed to the

increased density of defects22,73, including atomic step ridges, dislocations and stacking faults,

likely stemming from an elevated collision rate. This reduction in coordination number may

result in an enhancement of the reactivity of atoms within Au NAs225.

Two-electron oxygen reduction reaction activity

Having demonstrated that we can tune the GB surface density, lattice parameter and

coordination number of Au NAs via the H2 flow rate control, we test their catalytic activity

towards two-electron ORR to study the influence of GBs in their catalytic performance.

Developing an efficient, selective and durable catalyst in acidic media for this reaction has

represented a challenge289, yet it is critical to secure an environmentally friendly way to

synthesize H2O2
5,56, a product with extensive industrial applications56. The electrocatalytic

performance towards the two-electron ORR is assessed for both Au NPs and Au NAs

employing a rotating ring-disk electrode with a calibrated collection efficiency of 36% in an

oxygen-saturated 0.1 M HClO4 electrolyte (Figure 8-6a, Figure A8-19). In comparison to Au

NPs, Au NAs exhibit a significant enhancement in the onset potential (i.e., lower overpotential)

required to achieve a current density of 0.1 mA cm−2 (Figure 8-6a), accompanied by a notable

increase in H2O2 selectivity (Figure 8-6b). As the applied potential varies, the selectivity for

two-electron ORR in Au NPs diminishes, while Au NAs maintain consistent selectivity

(Figure 8-6). This reduction in selectivity for Au NPs is due to the aggregation of under-

coordinated surface atoms, which are more prone to aggregation than more-coordinated

atoms,229,230 leading to fewer under-coordinated atoms with higher two-electron ORR

selectivity remaining exposed. In contrast, the coordination number of Au NAs remains

unchanged after the two-electron ORR test, likely because the network geometry of Au NAs

and their multiple contact points with the carbon support reduce motion and aggregation

tendencies.

The lower overpotential and H2O2 selectivity presented by H-Au NAs make them outstanding

two-electron ORR catalysts, outperforming all existing H2O2 catalysts in acidic media (Figure

8-6c, Table A8-2). Moreover, we found that there exists a linear relationship between the onset

potential/selectivity of two-electron ORR and GB surface density (Figure 8-6d). When



8. Tuning GB density of Au nanoparticle assemblies

123

contrasted with Au NPs, H-Au NAs exhibit an enhancement exceeding two orders of

magnitude in both specific and mass activity with respect to the two-electron ORR (Figure

8-6d). It suggests that the exceptional performance for H-Au NAs may be attributed to the

highest GB surface density, largest lattice expansion, and lowest coordination number as a

consequence of NP collisions.

Figure 8-6. Two electron ORR activity. (a) LSV of Au NPs, L-Au NAs, M-Au NAs and H-Au
NAs, and detected H2O2 currents on the ring electrode (upper panel). (b) H2O2 selectivity
during the potential sweep. (c) Comparison of the onset potential and H2O2 selectivity with
state-of-the-art H2O2 catalysts (see Table A8-2 for references). (d) Relation between GB
density and the two-electron ORR activity. (e) Calculated two electron ORR volcano plot. (f)
Calculated reaction coordinate diagrams for Au and lattice-expanded Au. (g) Experimental
surface valence band photoemission spectra of L-Au NAs, M-Au NAs and H-Au NAs.

To rationalize the two-electron ORR high activity of the Au NAs, we calculated the volcano

plot using the limiting potential (UL) as a performance indicator (Figure 8-6e). This potential
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is defined as the maximum potential at which both the one-electron reduction of O2 to *OOH

and the subsequent one-electron reduction of *OOH to H2O2 is energetically favorable. Metals

with a strong binding energy to the *OOH intermediate specie such as Pd or Pt have an

excellent ORR activity but tend to directly reduce O2 to H2O via the four-electron pathway,

resulting in a poor selectivity towards the two-electron  ORR290. On the contrary, metals like

Au or Hg that interact weakly with *OOH can selectively produce H2O2, but tend to have a low

catalytic activity8. However, by expanding the lattice, it is possible to optimize the binding

energy between Au and *OOH. The Au positions located on the right leg of the volcano plot

indicates a low affinity for *OOH adsorption (Figure 8-6e), consequently preventing the

correct adsorption of O2 molecules. The lattice expansion significantly enhances the adsorption

strength of *OOH on the Au surface, progressively shifting it towards the maximum of the

volcano plot (Figure 8-6e). Remarkably, the Au with a 6% lattice expansion (same mean lattice

expansion found for the H-Au NAs) exhibits a free energy deviation of merely 0.1 eV from the

ideal state, a value significantly lower than that of the unstrained Au (0.29 eV) (Figure 8-6f).

Moreover, in the surface regions next to the GBs, particularly high levels of strain are found

(Figure 8-3), which can further increase the *OOH adsorption energy, resulting in even a better

alignment with the volcano plot maximum. Additionally, the lower coordination number291 and

higher defect density271,292–294 in H-Au NAs can also strengthen the *OOH adsorption, further

aligning it with the volcano plot maximum. Analysis of surface valence band photoemission

spectra reveal a progressive increase in the d-band center energy, following the order: Au NPs

(-4.57 eV) < L-Au NAs (-4.46 eV) < L-Au NAs (-4.33 eV) < L-Au NAs (-4.16 eV) (Figure

8-6g). Both the increased lattice expansion and the reduced coordination number jointly

contribute to an upward shift in the d-band center225, which correlates with an elevation in the

adsorption energy of *OOH on Au surfaces. Experimental measurements of the d-band center,

in conjunction with theoretical computations, consistently prove that lattice expansion serves

to increase the adsorption strength of *OOH on the surface of Au. This increment, together

with the high density of GBs and other structural defects, results in H-Au NAs being an

outstanding catalyst for the two-electron ORR.

Durability under electrochemical conditions

To assess the durability, Au NPs and NAs are subjected to a continuous 100-h operation in the

RRDE setup with a fixed disk potential of 0.35V (Figure 8-7a).
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Figure 8-7. Electrochemical and structural stability. (a) Durability measurements of Au NPs,
L-Au NAs, M-Au NAs and H-Au NAs. (b) H2O2 selectivity during durability tests. HAADF-
STEM images of (c) L-Au NAs and (d) H-Au NAs after tests. 2 nm thin-sliced tomogram (Figure
A8-24, Figure A8-27) of (e) L-Au NAs and (h) H-Au NAs. Tomogram of (f) L-Au NAs and (i)
H-Au NAs of the region delineated by the box (B atoms=orange spheres). Composition profiles
of Au and B on (g) L-Au NAs and (j) H-Au NAs (direction indicated by arrow).

Notably, Au NPs exhibit a rapid decay in both disk and ring currents, with ~55% activity loss

within the initial 40-h of operation at an applied potential of 0.35 V vs. RHE. In contrast, Au

NAs demonstrate significantly improved durability, with a considerably smaller decline in

activity relative to Au NPs, and their H2O2 selectivity remains largely unaffected (Figure

8-7b). The diminished durability of Au NPs relative to Au NAs can be attributed to their

susceptibility to motion, aggregation, and Ostwald ripening process during electrochemical

reactions (Figure 8-8)229,230.
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Figure 8-8. TEM images of Au NPs/C before (a) and after (b) durability test. The images are
intentionally defocused to show the carbon support.

The network geometry of Au NAs, coupled with multiple contact points with the carbon

support, likely reduces such motion and aggregation tendencies16. Additionally, it may hinder

Ostwald ripening typically observed in spherical NPs, thereby contributing to their excellent

durability. The overall morphology and the dimensions of Au NAs supported on carbon exhibit

minimal alteration during the durability tests (Figure 8-9).

Figure 8-9. Defocused TEM images of (a) L-Au NAs/C and (b) H-Au NAs/C after durability
tests, showing their elevated stability. The defocus was intentionally introduced to show better
the carbon support.

However, NAs with a similar morphology experience a different degradation behavior. In

particular, Au NAs synthesized at higher flow rates (H-Au NAs) show an enhanced durability

compared to those synthesized at lower flow rates (M-Au NAs and L-Au NAs). This can be

explained by the preservation of structural defects such as GBs, dislocations and atomic step
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ridges. Notably, L-Au NAs manifest a substantial decrease in both GBs and other defects

(Figure 8-7c) while most of these defects, including GBs, dislocations and steps are conserved

in H-Au NAs (Figure 8-7d, Figure A8-20). This could be attributed to differences in the

chemical composition at the GBs of these Au NAs. Indeed, segregation of heteroatoms was

shown to decrease the free energy of GBs in NAs253,254, and more generally in metallic and

ceramic materials253,254,295,296. X-ray photoelectron spectroscopy analysis reveals a shift toward

lower binding energy in the Au 4f spectra of Au NAs with increasing flow rates (Figure A8-

21), indicating a fine-tuning of their electronic structure. Furthermore, trace amounts of boron

(B) have been detected within Au NAs (Figure A8-21); however, the precision of XPS in

quantifying B and its special resolution are limited, posing challenges to achieving precise

quantitative analyses. These B species stem from the boric acid used in the NP synthesis

process (see Experimental section for more details).

To overcome this limitation and accurately ascertain the spatial distribution of B, atom probe

tomography is employed (Figure A8-22). The near-atomic-scale APT analysis of Au NPs

reveals that B is located on their surfaces (~10 at.%.) and no B is detected inside the particles

(Figure A8-23). In the atom probe tomograms for the different NAs (Figure 8-7e-j, Figure

A8-24, Figure A8-25-Figure A8-27), individual NP building blocks can be readily discerned,

and the concave regions were used to identify GB joining two particles. No B is detected on

the surface of the NAs. B atoms appear all distributed in the vicinity of GBs (Figure 8-7f,i,

Figure A8-26). 1D composition profiles along the arrow indicate an atomic concentration of

approximately 2%, 5%, and 8% for B at GBs within L-Au NAs, M-Au NAs, and H-Au NAs,

respectively (Figure 8-7g,j). The flow rate-dependent B concentration within GBs in Au NAs

suggests a correlation between the collision rate among NPs and the detachment rate of surface-

bound B species prior to NP attachment, strongly suggesting that B species are kinetically

trapped within the GBs. After the durability testing, the concentration of B at the GBs of H-Au

NAs remains nearly constant (Figure A8-28, Figure A8-29), whereas in L-Au NAs, B is nearly

gone (Figure A8-30). This observation further underlines that the concentration of B species

at GBs is a primary contributor to the superior stability exhibited by H-Au NAs. Such a high

concentration of B species in H-Au NAs strongly limits GB sliding297, thereby ensuring the

preservation of the microstructure and defects, which combine to provide the enhanced

durability. While in this instance, we have limited our application to the two-electron ORR, it

is noteworthy that the electronic effects resulting from the formation of GBs have the potential
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for optimizing the catalytic performance in the context of various other electrochemical

reactions.

8.3 Conclusions

To summarize, we have synthetized Au nanoassemblies (NAs) with tunable grain boundary

density. The kinetic driving force for NP collisions is provided by the sustained bubbling of H2

gas, with the ability to control collision frequency and adjust the GB density of NAs by varying

the gas flow rate. During the collision process and posterior re-orientation, defects (i.e.,

dislocations, stacking faults and atomic step ridges) and local strain in the vicinity of the GBs

are induced. As the flow rate increases, so does the density of GBs, steps, dislocations, stacking

faults as well as lattice expansion within the NAs. The combination of higher GB surface

density, lower coordination number, other structural defects and lattice expansion enhances the

catalytic performance of these Au NAs in more than two orders of magnitude (in specific and

mass activity) with respect to GB-poor Au NPs for the two-electron ORR, surpassing the

performance of other state-of-the-art catalysts in acidic media reported in the literature. The

experimental assessments of the d-band center, coupled with theoretical computations,

consistently validate that lattice expansion is an additional factor contributing to the

enhancement of the two-electron ORR performance by fine-tuning the adsorption strength of

the reaction intermediate *OOH on the surface of Au. The durability of the NAs is also

improved with respect to the NPs, with negligible activity decay observed over 100 hours of

operation. Notably, there exists a positive correlation between the structural stability of Au

NAs, their corresponding two-electron ORR durability and the presence of segregated boron

(B) species at their GBs. Segregation of B species at the GBs was observed, with B

concentration increasing as the flow rates of gas bubbling increase, indicating the kinetic

trapping of B at GBs. The improved durability of Au NAs can be attributed to the high

concentration of B species segregated at the GBs, which inhibits decohesion or sliding of GBs,

thereby stabilizing the defect-rich structure.

Our study not only introduces a novel method for regulating GB density but also entails the

development of a novel two-electron ORR catalyst in acidic media characterized by

outstanding activity, selectivity, and stability. Of greater significance, our discoveries open a

new pathway for the extended application of GB engineering as a means to govern the

properties of heterogeneous catalysts.
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8.4 Experimental section

Synthesis of OAm/OA-capped Au NPs

Initially, 1-octadecene (Sigma Aldrich) was subjected to heating at 130 °C for 30 min under

N2. Subsequently, a mixture comprising 2 mmol of oleic acid (OA, Sigma Aldrich), 2 mmol of

oleylamine (Sigma Aldrich), 0.5 mmol of gold acetate (Sigma Aldrich), and 4 mmol of 1,2-

hexadecanediol (Sigma Aldrich) was introduced. The reaction mixture was heated to 200°C

and stirred for 2 h under N2. Following this, the temperature was raised to 280°C and

maintained for1 h. Subsequently, the reaction was terminated by cooling the mixture to room

temperature. The Au NPs were precipitated using ethanol and subsequently subjected to

washing with hexane. The precipitation and washing steps were iteratively performed multiple

times.

Preparation of citrate-capped Au NPs

A two-step methodology was employed to replace the capping agents on the surface of Au NPs

from oleylamine/oleic acid (OA) to citrate. The initial step involved the substitution of

OAm/OA capping agents with diethanolamine (Sigma Aldrich). Specifically, 5 mL of

OAm/OA-capped Au NPs were mixed with 5 mL of DEA and stirred for 24 h, followed by

centrifugation for precipitation. Subsequently, 10 mL of DEA was added, and continuous

stirring was maintained for 24 h, followed by another centrifugation step and dispersion in 5

mL of DI H2O. Fourier-transform infrared spectroscopy (FTIR) analysis (Figure A8-1)

conclusively confirmed the complete replacement of OAm/OA capping agents with DEA. The

second step involved the replacement of DEA capping agents with citrate. Specifically, 5 mL

of DEA-capped Au NPs were mixed with 1 mL of 10 mg/mL sodium citrate (Sigma Aldrich)

and 1 mL of 10 mg/mL boric acid (Sigma Aldrich), followed by 24 h of stirring. Subsequent

centrifugation and dispersion in 5 mL of DI H2O were performed. FTIR results (Figure A8-1)

provided unequivocal evidence for the full replacement of DEA with citrate capping agents.

Preparation of Au NAs

Initially, we employed a dialysis method to eliminate impurity ions from the citrate-capped Au

NP solution. Specifically, the Au NP solution was placed inside dialysis tubing, which was

immersed in a 1 L beaker containing DI water. Simultaneously, magnetic stirring was applied

to expedite the diffusion of impurity ions away from the NP solution. The dialysis process was

carried out continuously for three days, with DI water refreshed twice daily.
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Subsequently, we introduced high-purity H2 gas into a 10 mL solution of citrate-capped Au

NPs, with a concentration of ~1.6 μM, and maintained this bubbling process for 10 h. To

investigate the influence of H2 gas flow rate on the assembly of Au NPs, we employed three

distinct flow rates, denoted as low (30 sccm), medium (100 sccm), and high (300 sccm),

resulting in the formation of Au NAs named L-Au NAs, M-Au NAs, and H-Au NAs,

respectively. The completion of Au NAs assembly was indicated by a change in the color of

the Au NP solution from dark brownish-red to transparent. After discontinuing the H2 gas

bubbling, the solution was allowed to stand for 10 h, during which the Au NAs sedimented at

the bottom of the beaker. Subsequently, careful removal of the supernatant was performed

using a pipette, followed by thorough rinsing of the Au NAs with DI water.

Transmission electron microscopy characterization

HAADF-STEM and HR-TEM were employed for characterization purposes. HAADF-STEM

imaging was carried out using a Thermo Fisher Titan microscope with probe Cs correction at

an accelerating voltage of 300 kV, while HR-TEM was performed utilizing an Cs image

aberration-corrected Thermo Fischer Titan Themis 60-300 microscope, also operated at 300

kV. The HAADF-STEM and HR-TEM images were analyzed and post-processed utilizing the

Gatan Microscopy Suite 3.0 (GMS 3.0) software package. To discern the crystallographic

planes and zone axis, measurements of the interplanar spacing (d-spacing) and their respective

angles were conducted through FFT applied to the HAADF-STEM and HR-TEM images. In

accordance with the coincidence site lattice theory, the types of GBs existing between

neighboring grains were identified. For better visualization, Hann-windowed FFT are provided

in the text.

To map the strain of individual atoms, we employed STATSTEM96, a MATLAB-based

program that allows for the fitting of two-dimensional Gaussians on the intensity maxima of

HAADF-STEM images (i.e., the atomic columns) and posterior interatomic distance

evaluation. After having calculated the interatomic distances, the strain of individual grains

was analyzed by selecting the center of the corresponding grain as reference (unstrained)

lattice. Afterwards, these strain maps of individual grains were combined for generating the

complete strain map of the sample.

4D-STEM was used for performing grain orientation mapping and strain analysis of the

nanoassemblies. The data was collected in the same Cs-probe corrected Thermo Fisher Titan

microscope at 300 kV using the pixelated detector EMPAD. For the acquisition, a camera
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length of 940 mm and a probe convergence semiangle of 0.65 mrad were used. The detector

pixel size was calibrated using a sample with (unstrained) Au NPs under the same conditions.

The open source python library py4DSTEM was used for the preprocessing, visualization and

orientation and strain mapping. For the strain mapping, the relative strain is plotted. This is

achieved by assuming that the average lattice parameter of the Au NAs is the same as that of

an unstrained gold lattice. Using build in functions, the orientation maps were exported to

“.ang” format, compatible with EDAX OIM Analysis software, where the grain misorientation

angles were extracted for GB identification using coincidence site lattice theory. For that step,

only the points with an image quality factor over 5.0 were considered to ensure a correct GB

identification. Virtual dark field images were generated from the 4D-STEM datasets using a

virtual annular detector centered around the bright field disk.

X-ray characterization

We investigated the crystal structures of Au NPs and Au NAs utilizing a Bruker Powder X-ray

diffractometer, which was equipped with a Cu Kα radiation source. Subsequently, we

employed an Al Kα X-ray Photoelectron Spectrometer (Thermo Scientific) to analyze the

elemental composition and chemical states of Au NPs and Au NAs. To ensure precision in our

XPS spectra, we calibrated them with reference to the C1s peak at 284.8 eV. For the analysis

and fitting of the XPS data, we utilized the Avantage software and employed a composite

function (comprising 30% Lorentzian and 70% Gaussian components). To calculate the center

of gravity (εd) for the valence band spectra for both Au NPs and Au NAs within the energy

range of -10 eV to -1 eV, we utilized the following integral equation εd =
      ʃ N(ε)εdε

 ʃ N(ε)dε
, where N(ε)

represents the density of states and ε the energy level.

XAS, encompassing X-ray Absorption Near-Edge Spectroscopy (XANES) and EXAFS

measurements, were conducted at the BL14W1 beamline of the Shanghai Synchrotron

Radiation Facility. The synchrotron storage ring operated at an energy of 3.5 GeV, while the

linear electron accelerator operated at 150 MeV. Monochromatization of X-rays occurred

through the utilization of a Si (311) double crystal monochromator, operating within an energy

range spanning 9,000–35,000 eV. The specimens were homogeneously mounted onto Kapton

Tape for subsequent XAS assessments. XAFS spectra at the Au L3 edge were collected via

transmission mode at a controlled temperature of 25°C. Rigorous data reliability measures were

adopted, with all XAFS spectra being acquired within a defined beamtime and subjected to

triplicate testing. Data preprocessing was facilitated through the employment of the Athena
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software, encompassing baseline subtraction prior to post-edge baseline normalization to yield

the spectroscopic data. Furthermore, the EXAFS analysis involved Fourier transformation of

k3-weighted EXAFS oscillations to assess the contribution of each shell to the peaks in the

Fourier transform, followed by fitting using the Artemis software.

Atom probe tomography characterization

Initially, the incorporation of Au NPs and Au NAs into Ni matrix was achieved through the

application of a co-electrodeposition technique. Specifically, a copper foil (0.2 cm2) was

employed as working electrodes (pre-etched by 0.5 M H2SO4), while a Pt mesh (2 cm2) served

as the counter electrode. An electrolyte solution consisting of 1.5 g NiSO4·6H2O and 0.225 g

citric acid dissolved in 5 mL of DI water was prepared. Subsequently, a mixture of 10 mg of

Au NPs and Au NAs was sonicated with the electrolyte for 1 h, and the resulting solution was

poured into an electrodeposition cell. An established constant current of -19 mA was applied

to the working electrode for 500 s, resulting in the deposition of an Au/Ni thin film, with Au

NPs and Au NAs encapsulated within the Ni matrix. Following this, needle-shaped APT

samples were prepared using a Ga focused ion beam (FEI 600 DualBeam) in accordance with

standard APT sample fabrication procedures. The embedding of Au NPs or Au NAs within the

Ni matrix led to surface protrusions on the Ni film, which were meticulously sectioned and

transferred onto silicon coupons as lamellas. The lamella containing Au NPs or Au NAs

encapsulated within the Ni matrix was verified through cross-sectional analysis of the

protrusion, followed by precise sharpening to achieve a needle-shaped APT specimen. Finally,

the needle-shaped APT sample was loaded into the LEAP 5076 XS instrument (Cameca) for

APT experiments. All APT experiments were conducted in pulse laser mode, with

experimental parameters set at a temperature of 50 K, a detection rate of 1%, a laser energy of

60 pJ, and a laser pulse frequency of 125 kHz. Data obtained were analyzed and reconstructed

using standard voltage reconstruction protocols with the assistance of the commercially

available IVAS 3.8.4 software. For APT, the broadening of segregation profiles at GBs is a

frequently observed phenomenon attributed to the distinct field evaporation behavior at these

interfaces. In order to discern the segregation behavior independently of the broadening effects,

we employ the Gibbsian interfacial excess (Γ) as an integrated metric. The computation of ΓB

is based on the following equation:

𝛤𝐵 = 𝑡 × 𝛥𝜌𝐵 = 𝑡 × (
𝑁𝐵GB

𝑉GB
−
𝑁𝐵NP

𝑉NP
)

Eq. 8-1
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wherein t represents the width of the GB region, ΔρB signifies the difference in atomic density

of the B element between the NP building blocks and the GB region, 𝑁𝐵NP and 𝑁𝐵GB denote the

number of atoms of the B element in the respective unit cells of the NP building block and the

GB region, while VNP and VGB represent the unit cell volumes of the NP building block and the

GB region.

Other characterizations

The zeta potential of the Au NP solution loaded into quartz cuvettes was determined using a

Zetasizer Nano-ZS instrument (Malvern Instruments, UK) in high-resolution mode. Fourier-

transform infrared spectroscopy (FTIR) spectra were acquired using a Bruker Tensor 27 FTIR

spectrophotometer. The Au concentration in the ink was quantified via ICP-AES using a 710-

ES instrument from Varian.

Grain boundary surface density determination

The GB surface density, defined as the length of the GB in the surface of the NAs (lGB) divided

by the surface area of the NAs (ANAs) is assessed following a previously reported method:243

𝐺𝐵𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑙𝐺𝐵
𝐴𝑁𝐴𝑠

Eq. 8-2

Assuming that the GBs assume a disk-like morphology, 'lGB' is equivalent to '2AGB/r',   being

AGB the average area of a GB and ‘r’ the average GB projected length, estimated from the

STEM images (~100 GBs measured).

𝐺𝐵𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑙𝐺𝐵
𝐴𝑁𝐴𝑠

=
2𝐴𝐺𝐵

𝑟 × 𝐴𝑁𝐴𝑠
Eq. 8-3
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The GB surface length (lGB) can be defined as the circumference of a circular region with a radius

denoted as 'r,' which is mathematically expressed as 2πr. Meanwhile, the GB surface area (AGB)

corresponds to the area enclosed by this circular boundary and can be quantified as πr2.

Our investigations reveal that the crystallite size remains notably invariant both in pre- and

post-NP assembly (Figure A8-2). Consequently, the observed reduction in surface area within

NAs in relation to their NP precursors is primarily attributed to the attachment of NPs. With

that assumption, '2AGB' can be expressed as the overall loss in surface area (ANP−ANAs), which

can be experimentally determined via cyclic voltammetry to measure the electrochemically

active surface area.

𝐺𝐵𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑙𝐺𝐵
𝐴𝑁𝐴𝑠

=
2𝐴𝐺𝐵

𝑟 × 𝐴𝑁𝐴𝑠
=

(𝐴𝑁𝑃 − 𝐴𝑁𝐴𝑠)
𝑟 × 𝐴𝑁𝐴𝑠

Eq. 8-4

Similarly, the surface area of the NAs (ANAs) can also be experimentally measured via cyclic

voltammetry.

Electrochemical measurements

The electrochemical measurements were carried out using a CHI760E potentiostat (CHI

Instrument) using 0.1 M HClO4 aqueous solution as the electrolyte. The RRDE measurements

were run at 25°C in a typical three-electrode cell. A Pt foil (99.99%, Sigma Aldrich) and an

Ag/AgCl electrode (3.0 M KCl, CH Instrument) were used as the counter and reference

electrode, respectively. All the potentials were converted to RHE. The RHE calibration of

Ag/AgCl reference electrode in 3.0 M KCl was performed in a high purity of H2 saturated 0.1

M HClO4 solution where polished Pt wires were used as the working and counter electrodes.

The linear scanning voltammetry was run at a scan rate of 1 mV/s, and the potential of zero

current was taken as the reaction potential of the hydrogen electrode. The potential measured

with the Ag/AgCl electrode in 3.0 M KCl were calculated as following: ERHE = EAg/AgCl +

0.279V. A RRDE assembly (PINE Instrument) consisting of a glassy carbon rotating disk
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electrode (Φ=5.6 mm, geometric area=0.247cm2) and a Pt ring (Φ=15.0 mm) was used, with a

theoretical collection efficiency of 40%. Experimentally, the apparent collection efficiency (N)

was determined to be 36% in the ferrocyanide/ferricyanide half reaction system at a rotation

rate between 400 and 1600 rpm.

To prepare the ink, 0.3 mg of as-synthesized Au catalysts were dispersed in 495 μL DI water

by sonicating for 1 h, followed by adding commercial Vulcan carbon (XC-72) with a mass four

times than Au samples and sonicating for another 1 h to make Au catalysts/C. Then, the Au

catalysts/C were dispersed in the mixture of 495 μL isopropanol and 10 μL 5% Nafion solution

to from a homogeneous ink by sonicating for 1 h. The concentration of Au was controlled to

be 0.3 mgAu/mL measured by ICP-AES. The uniform catalyst layer was prepared by pipetted

5 μL of the ink onto the disc electrode without obvious pin holes or uncovered edge followed

by vacuum drying at ambient conditions. The loading amount of Au was controlled at 6.1

μg/cm2.

Before the activity test, both glassy carbon rotating disk electrode with Au catalysts and ring

electrode were cleaned by CV for 500 cycles in N2-saturated 0.1 M HClO4 electrolyte solution

until a stable CV curve was obtained. The ECSA was calculated by integrating the charge for

the reduction of gold oxide on CV curves in the range of 0.03─1.6 V at 100 mV/s by assuming

a value of 390 μC/cm2. The H2O2 activity and selectivity were measured from polarization

curves in O2-saturated 0.1 M HClO4 electrolyte solution between 0.8 and 1.4 V with a scan rate

of 10 mV/s with rotating rate of 1600 rpm, while holding the potential of the Pt ring electrode

at 1.2 V. The ORR current was corrected by subtracting the current obtained in an N2-saturated

electrolyte from that measured in O2-saturated conditions. All the measured ring currents were

also corrected using the collection efficiency, N, of RRDE set-up to obtain the overall current

density as all the H2O2 generated was detected. The H2O2 selectivity was calculated using the

equation:

𝐻2𝑂2(%) = 200 ×
Iring/N

Idisk + Iring/N
Eq. 8-5

where Iring is the ring current, Idisk is the disk current, and N is the collection efficiency.

The long-term stability tests for Au catalysts were conducted in the RRDE set-up

(chronoamperometry at 0.35 V vs. RHE, rotation speed of 1,600 rpm).

Theoretical calculations
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We conducted DFT calculations employing the Vienna Ab initio Simulation Package (VASP)

in conjunction with the Atomic Simulation Environment (ASE)298–302. To account for spin

polarization effects, appropriate adjustments were applied. The exchange correlation energy

was assessed utilizing the generalized gradient approximation (GGA) method303, specifically

employing the revised Perdew-Burke-Ernzerhof (RPBE) functional261. To accurately describe

the behavior of core electrons, we employed the projector-augmented wave (PAW)

method259,260. To ensure precision, lattice constants within our calculations were systematically

optimized according to their respective crystal systems. The modeling of the (111) surface of

various metals and alloys (Au, Hg, Pt, Pd, Ir, Rh, PdAu, PdHg) were executed using six-layer

slabs, with the bottom three layers constrained while permitting relaxation of the upper three

layers and adsorbates. For sampling the Brillouin zones, we utilized a 4×4×1 Monkhorst-Pack

k-points grid16. To mitigate interlayer interactions, a minimum separation of at least 16 Å of

vacuum was enforced between successive slabs in all computational simulations. Furthermore,

an energy cutoff of 500 eV was imposed, and all structures were subjected to relaxation in all

spatial dimensions until residual forces reached a level below 0.05 eV/Å, ensuring the

attainment of thermodynamically stable configurations.

The computation of adsorption energies was carried out with reference to H2O(l) and H2(g):

ΔE∗OOH = E∗OOH – E∗ – EH2O +
3
2 E𝐻2

Eq. 8-6

Zero-point energies and entropy terms have been encompassed within the framework of our

energetic computations:

Δ𝐺° = ΔEDET + ΔEZPE – TΔS Eq. 8-7

Under an arbitrary potential, relative to RHE, the electron's chemical potential undergoes a

perturbation of -eU. Consequently, the reaction's free energy is expressed as:

Δ𝐺 = Δ𝐺0 + eU Eq. 8-8

The determination of the limiting potential (UL) is formulated as follows:224

UL = min(−Δ𝐺∗𝑂𝑂𝐻 + 4.92 𝑥 Δ𝐺∗𝑂𝑂𝐻 − 3.52 ) Eq. 8-9

The two constituent terms within the aforementioned equation correspond to the limiting

potentials associated with the individual elementary steps comprising the two-electron oxygen
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reduction pathway. It is worth noting that the lower of these limiting potentials, characterizing

the complete catalytic reaction, establishes the overarching limiting potential governing the

overall reaction kinetics.
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9 Summary and Outlook

9.1 Summary

This thesis has investigated the impact of the nano- and atomic structure on the performance

of a range of electrocatalysts needed for implementing a hydrogen-based economy. By

employing state-of-the-art (scanning) transmission electron microscopy techniques, it was

possible to study the local (atomic) structure in a representative manner and to explore how it

evolves during catalysis. This yielded valuable insights into the degradation mechanisms

affecting electrocatalysts and fundamental knowledge on the role of defects such as grain

boundaries on the catalytic performance. Moreover, in instances where the current techniques

were unable to be applied, method development was pursued in order to enable this type of

research.

For instance, using IL-STEM it has been possible to study the changes during catalysis in the

local structure of Rh@Pt/C NPs, which are potential anode catalysts for fuel cells. It was found

that, despite their overall high stability, these particles could detach from the carbon support

during catalysis. Thanks to these insights, it was proposed that efforts to enhance the stability

of this material system should focus on novel support materials, or on increasing the

interactions with the support, for example by having NP assemblies with several anchoring

points.

Having seen the potential of IL-STEM for elucidating the degradation mechanisms of

electrocatalysts, it was studied how to expand the potential of this technique for gas-evolving

reactions which cause difficulties due to bubble formation. The results indicated that using

tweezers from an inert material as a contact method for the TEM grid was a viable, easy-to-

implement approach for performing IL-STEM experiments on gas-evolving reactions.

This newly developed method was used to study catalysts for the oxygen evolution reaction.

In particular, LaNiO3 perovskite oxide materials rich with Ruddlesden-Popper faults were

investigated. It was observed that Fe traces on the electrolyte could diffuse into the RP faults,

causing them to expand. Such expansion reduces the distance at neighboring LaNiO3 layers.

This displacement in the lattice can increase the OER activity of the LaNiO3 particles.

The potential of structural defects for increasing the catalytic activity was further explored on

grain boundary-rich Pt nanoparticle assemblies. These samples were found to have an elevated

mass and specific activity toward the oxygen reduction reaction. The high specific activity was
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attributed to their high density of concave grain boundary sites, with an optimized (higher)

coordination number and binding energy. Moreover, boron doping of the grain boundaries

emerged as a successful strategy for stabilizing the high-energy defects during catalysis.

In the last part of the thesis, it was evaluated how the density of grain boundaries can be

controlled in electrocatalytic materials. For these experiments, nanoparticle assemblies of gold

were chosen as a model system. Moreover, having assemblies with a controlled grain boundary

density allowed us to study the relationship between grain boundaries, coordination number,

and catalytic activity. A linear relationship between grain boundary density and two-electron

oxygen reduction reaction activity was found, which was attributed to a tuning of the binding

energy between the Au surface and the critical *OOH reaction intermediate, mediated by an

increased lattice parameter and decreased coordination number.

This thesis has exemplified how material science can enhance the stability and activity of

catalysts by means of structural investigations and the exploitation of the potential offered by

defects.

9.2 Outlook

Despite this work's numerous insights, numerous questions arise for future studies. Firstly,

having managed to perform identical location experiments on gas-evolving reactions in a

simple and reproducible way, many more material systems and reactions (i.e., CO2 reduction

reaction, NH3 oxidation, N2 cracking…) can now be easily explored. This will allow to explore

how the local structure of many catalysts evolves during these reactions, potentially finding

ways to enhance their stability and activity.

Secondly, it was observed in the LaNiO3 system that Fe traces in the electrolyte have a positive

effect on the OER activity and that Fe segregation into the Ruddlesden-Popper faults caused

compression of the neighboring LaNiO3 layers. However, it is unclear how much the Fe

segregation into the Ruddlesden-Popper faults actually contributes to the changes in OER

activity. Experiments in thin films with a controlled density of RP faults could help to clarify

this point.

Thirdly, it was found that the two-electron ORR catalytic activity of gold nanoparticle

assemblies possesses a linear relationship with grain boundary density. However, how the

different grain boundary types, e.g., ∑3, ∑9…, affect the catalytic activity remains unanswered.

It would be interesting to perform a systematic study on the catalytic activity of samples with
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a varying grain boundary type. Such a study, if paired with high-resolution STEM images of

the corresponding grain boundaries and theoretical calculations, would provide valuable

insights into the role of grain boundaries as active centers for electrocatalysis.

An additional interesting direction for a future study stems from the different behavior of the

coordination number during the assembly process of Pt and Au nanoparticles. It was measured

that Pt nanoparticles had a lower coordination number than the corresponding Pt nanoassembly,

while in the case of Au, the behavior was the opposite (the coordination number of Au

nanoparticles was higher than Au nanoassemblies). It is unclear how much of this difference is

explained by the difference in particle size between the Pt and Au nanoparticles, or if other

factors such as the stacking fault formation energy, and facet energy also play a role. Therefore,

studying systematically how the coordination number changes during the assembly process for

varying nanoparticle sizes and/or different materials would also provide insights into how to

rationally control the binding energy and catalytic activity for different reactions.

Many other points can also be explored; for example, boron was found to stabilize the high

energy defects on the nanoassemblies. Is B segregated with a similar Gibbs excess in all grain

boundaries or does it depend on the grain boundary type? Can other heteroatoms have a similar,

or even better stabilization effect? Can heteroatoms be used for stabilizing also other defects

and high-energy facets of nanoparticles?...

Lastly, 4D-STEM is a rapidly developing technique that has the enormous potential to

characterize the local atomic structure of electrocatalysts in a representative manner. The

information can then be directly combined with the atomic column-resolved structural data of

defects and used to perform a length-bridging, statistical analysis of the effects of defects in

catalysis, as shown in this thesis with the example of grain boundaries. Future studies could

adopt a comparable approach to the one demonstrated in this work, capitalizing on the potential

of integrating material science into catalysis to investigate the role of other structural features

and defects in catalysis.
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11 Appendix

In the Appendix, additional data is provided which complements the information in the main

text.

11.1 Supplementary information from Chapter 7

Figure A7-1. (a) Nitrogen adsorption-desorption isotherms, (b) Barrett–Joyner–Halenda pore
size distribution plots of GB-Pt NAs.

Figure A7-2. HR-TEM images of Pt NAs with diameters of 4 nm (a) and 10 nm (b) by attaching
and coalescing NPs of corresponding sizes.
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Figure A7-3. FTIR spectra of OAm, DEA, citrate-capped Pt NPs, and GB-Pt NAs.

Figure A7-4. Time dependence of the ζ-potential measured for citrate-capped Pt NP solution
during H2 gas bubbling.
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Figure A7-5. TEM images of the Pt NAs synthesized from Pt NP solutions with concentrations
of ~11 μM (a) and ~36 μM (b), respectively.

Figure A7-6. Top and side views of the models used for surface energy calculations: (a)
concave surface model with Σ3 twin GB and (b) flat surface model. The surface energies of the
concave surface model with Σ3 GB and the flat (111) surface model are calculated to be 53
meV/Å² and 73 meV/Å², respectively.
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Figure A7-7. Coordination numbers (CNs) for (a) the Pt201 NP and (b) the Pt383 Σ3 (111) twin
GB model, with subscripts indicating the total number of Pt atoms in each model. (c) The
difference in coordination numbers (ΔCN) between the NP building block in the Pt383 Σ3 (111)
twin GB model and the Pt201 NP.

Figure A7-8. Identification of GB types based on the coincidence site lattice theory. From the
HAADF-STEM image (a), FFT diffractograms (b) were obtained for individual NP building
blocks to confirm that these NP were aligned along the same zone axis [011]. Subsequently,
the misorientation between adjacent NP building blocks on the same crystal plane was
measured, allowing for the identification of the GB types in GB-Pt NAs.
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Figure A7-9. HAADF-STEM image of GB-Pt NAs, where the GBs are delineated by yellow
dashed lines while surface facets are highlighted by lines of varying colors.

Figure A7-10. XPS data of GB-Pt NAs. The inset shows the XPS spectrum of B 1s.

Figure A7-11. (a) Cross-sectional SEM image of a FIB section of a protrusion. (b) Cross-
sectional SEM image of one protrusion, which indicates that GB-Pt NAs (circled by white short
dash lines) were embedded in the Ni matrix. (c) A sharpened needle-shaped specimen from
GB-Pt NAs embedded in Ni matrix for APT measurement.
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Figure A7-12. 3D atom map of GB-Pt NAs (Pt>90 at.% iso-surface). Tomogram of the 3D
atom map is shown in Figure 7-5e in Chapter 7.

Figure A7-13.Comparison Pt-B nearest neighbor experimental (orange) and simulated (grey)
distance distribution of (a) OAm/OA-capped Pt NPs with B species on the surface, (b) citrate-
capped Pt NPs with B species adsorbed on the surface, and (c) GB-Pt NAs with B species
trapped in the GBs using APT.
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Figure A7-14.XPS data of boron free-Pt NAs. The inset shows the high-resolution XPS
spectrum of B 1s.

Figure A7-15. Nitrogen adsorption-desorption isotherms, (b) Barrett–Joyner–Halenda pore
size distribution plots of BF-Pt NAs.
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Figure A7-16. HAADF-STEM image (a) and FFT diffractograms (b) of GBs in BF-Pt NAs.

Figure A7- 17. Fourier-transformed EXAFS spectra for Pt L3-edge for BF-Pt NAs.

Figure A7- 18. (a) High-resolution XRD patterns of BF-Pt NAs showing (111), (200), (220),
(311), and (222) diffraction peaks. (b) Williamson–Hall plot derived from the XRD pattern.
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Figure A7-19. Σ3(111) twin-boundary structure and Eseg at twin region calculated by DFT at
GB marked by layer L0 and two adjacent layers L1 and L1ത.

Figure A7-20. (a) Side and top views of slab models showing an oxygen atom at concave sites
of Σ3 GB and concave sites without GB. (b) Volcano plot of ORR activity as a function of the
calculated oxygen adsorption energy relative to that on the flat Pt (111) surface.13 The pink
hexagon represents the flat (111) surface, the orange circle denotes the concave site at the Σ3
GB, and the violet diamond represents the concave site without a GB. It is evident that the
oxygen binding energy at the concave site with the Σ3 GB is close to the optimal value,
indicating potentially optimal ORR activity. In contrast, the oxygen binding energy at the
concave site without a GB is significantly further from the volcano peak, even less favorable
than that of the flat (111) surface.
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Figure A7-21. (a) 3D atom map of GB-Pt NAs after 60000 durability test fully embedded in Ni
matrix as indicated by the Pt iso-surfaces (iso-composition surface >50 at.% Pt) with a
cylindrical region of interest (diameter=3 x 10 nm³, with a bin size of 0.1 nm) located
perpendicular to the Ni matrix/GB-Pt NAs interface. (b) 1D compositional profiles of the
elements Ni, Pt, and B contained in GB-Pt NAs after 60000 durability test shown along the
direction indicated by the yellow arrow in the 3D atom map on left side.

Figure A7-22. 3D atom map of GB-Pt NAs after 60000 durability test (Pt>90 at.% iso-
surface). Tomogram of the 3D atom map is shown in Figure 7-9.
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Figure A7-23. (a) H2-air fuel cell polarization plots with GB-Pt NAs/C and BF-Pt NAs/C as
the cathode catalysts. (b) Stability test of H2-air fuel cell at 0.6 V.
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Figure A7-24. Top and side views of the models for the calculation of the strengthening energy
(Estr) of the GB. A negative Estr indicates that the GB is strengthened, whereas a positive Estr
signifies that the GB is weakened. We found that Estr is -0.23 eV, indicating that B segregation
can strengthen the GB.
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Table A7-1. BET results of GB-Pt NAs and BF-Pt NAs.

Sample BET surface area (m2/g) Pore diameter (nm) Pore volume (cm3/g)

GB-Pt NAs 88.2 12.5 0.12

BF-Pt NAs 80.6 13.5 0.10
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Table A7-2. EXAFS fitting results of Pt L3 edge for Pt NPs, GB-Pt NAs, BF-Pt NAs, and Pt
foil.

Sample CN R (Å) σ2 (10-3 Å2) ∆E0 (eV) R factor

Pt NPs 8.2±0.2 2.76±0.03 5.5±1.8 6.4±1.8 0.0061

GB-Pt NAs 9.3±0.3 2.70±0.02 6.4±2.1 9.3±2.5 0.0079

BF-Pt NAs 8.8±0.3 2.72±0.03 5.8±1.9 7.1±2.2 0.0068

Pt foil 11.8±0.2 2.76±0.02 4.2±1.4 5.5±1.7 0.0057

CN: coordination number; R: bond length; σ: Debye-Waller factor; ΔE0: inner potential shift;
R factor describing goodness of the fit.
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Table A7-3. ORR performance of GB-Pt NAs and state-of-art Pt-based nanocatalysts.

Catalyst
ECSA

(m2/gPt)

Specific activity

(mA/cm2) at 0.90V

Mass activity

(A/mgPt) at 0.90V
References

20 wt.% Pt/C 57.1 --- 0.095 Science 2009, 324, 1302

Pt Nanocage 38.2 1.98 0.75 Science 2015, 349, 412

Mo-Pt3Ni 67.5 10.3 6.98 Science 2015, 348, 1230

PtPb/Pt plate 55.1 7.8 4.3 Science 2016, 354, 1410

Jagged Pt NW 118 11.5 13.6 Science 2016, 354, 1414

Bunched Pt-Ni alloy 68.2 5.16 3.52 Science 2019, 366, 850

PtNi thin film 9 2.4 0.216 Nat. Mater. 2012, 11, 1051

Intermetallic Pt3Co NP 0.52 Nat. Mater. 2013, 12, 81

PtNiCo NW 82.2 5.11 4.2 Sci. Adv. 2017, 3 1601705

Pt3Co NW 52.1 7.12 3.71 Nat. Commun. 2016, 7, 11850

PtNi-NiB NP 59 9.05 5.3 Nat. Commun. 2016, 7, 12362

L10-CoPt/Pt 27.3 8.26 2.26 Joule 2018, 3, 1

Pt4FeCoCuNi NP --- --- 3.79 Adv. Mater. 2023, 2302067

Pt3Fe NW 34.0 4.34 2.11 Adv. Mater. 2018, 30, 1705515

PtNiPd NW 55.4 3.48 1.93 Adv. Mater. 2017, 29, 1603774

PtCu OFAs 54.5 5.98 3.26 Adv. Mater. 2016, 29, 1601687

Rh-Pt NW 86.4 1.63 1.41 J. Am. Chem. Soc. 2017, 139, 8152

PtPb/PtNi IM 37.2 5.16 1.92 J. Am. Chem. Soc. 2017, 139, 9576

Pd@Pt NP 96.4 1.66 1.6 J. Am. Chem. Soc. 2015, 137, 15036

Pt Nantube 34.2 1.48 0.50 J. Am. Chem. Soc. 2016, 138, 6332

Pt Nanocages 45.2 2.48 1.12 J. Am. Chem. Soc. 2016, 138, 1494

Pd@Pt1.8Ni NP --- 0.45 0.79 J. Am. Chem. Soc. 2015, 137, 2804

Sub-Pt3Co-MC 49.7 1.74 0.92 PNAS 2021, 118, e2104026118

PtCu nanoframe 53.3 4.69 2.47 Nano Lett. 2020, 20, 7413

Ga-doped PtNi 49 2.53 1.24 Nano Lett. 2018, 18, 2450

PtNi frame 73.4 2.05 1.51 Nano Lett. 2018, 18, 2930

Pt Nanocage 36.6 3.50 1.28 Nano Lett. 2016, 16, 1467

Rh-PtNi --- --- 1.14 Nano Lett. 2016, 16, 1719

PtNi frame 54.8 0.44 0.24 ACS Nano 2018, 12, 8697

Pt cube 24.5 1.77 0.43 Mater. Today 2018, 08, 5

GB-Pt NAs 69.7 9.18 6.40 This work
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11.2 Supplementary information from Chapter 8

Figure A8-1. FTIR spectra of OAm, DEA, citrate-capped Au NPs, and Au NAs.

Figure A8-2. The size distribution was obtained by analyzing 100 NPs or crystallites in (a) Au
NPs and (b) H-Au NAs derived from STEM images.
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Figure A8-3. Variation of FTIR spectra for citrate-capped Au NP solution after adding
ammonia solution (pH=10), which show that the amount of citrate capping agents on the
surface Au NPs reduces progressively.

Figure A8-4. Variation of the ζ-potential measured for citrate-capped Au NP solution versus
the time after adding ammonia solution (pH=10).
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Figure A8-5. (a) TEM image of the NPs obtained by purging Ar gas into a citrate-capped Au
NP solution at pH 10 for 10 h. (b) FTIR spectrum of the Au NP solution at pH 10 subjected to
Ar gas purging for 0 h and 10 h, respectively. (c) Time-dependent variation of the ζ-potential
for citrate-capped Au NP solution at pH 10 during Ar gas purging. TEM image (d), FTIR
spectrum (e) and time-dependent variation of ζ-potential (f) for citrate-capped Au NP
solution at pH 10 during N2 gas purging. TEM image (g), FTIR spectrum (h) and time-
dependent variation of ζ-potential (i) for citrate-capped Au NP solution at pH 10 during H2
gas purging.
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Figure A8-6. FFT analysis of the NA displayed in Figure 8-1d from Chapter 8. From the FFT
diffractograms (bottom rows) of individual NP building blocks in the HAADF-STEM image
(top rows), the zone axis ([011] for all NP building blocks) and misorientation can be
determined. This allows for the identification of the GB types in H-Au NAs using coincidence
site lattice theory.
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Figure A8-7. HAADF-STEM image (a), grain orientation maps (b-c) and corresponding
relative strain maps along the x (εxx) and y (εyy) direction obtained from corresponding 4D-
STEM datasets for H-Au NAs.

Figure A8-8. 4D-STEM data from a different region of H-Au NAs, comprising the virtual
HAADF image (a), grain orientation maps (b-c) and relative strain maps.
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Figure A8-9. Virtual dark field images (a), grain orientation maps (b-c) and relative strain
maps for an additional region of H-Au NAs.

Figure A8-10. High resolution TEM image of an individual Au NP, showing that a small
number of Au NPs possess low energy ∑3 GBs before assembling.
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Figure A8-11. High resolution TEM images of Au NPs before assembling with corresponding
indexed FFT. Notice how before the assembly process, most of the Au NPs are defect-free.
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Figure A8-12. Determination of GB types based on the coincidence site lattice theory of NA in
Figure 8-3a (Chapter 8). Initially, FFT diffractograms were obtained for individual NP
building blocks in HAADF-STEM image to determine the zone axis. Subsequently, the
misorientation between adjacent NP building blocks on the same crystal plane was measured,
allowing for the identification of the GB types in H-Au NAs.
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Figure A8-13.HAADF STEM image and corresponding FFT analysis for the identification of
GB types in L-Au NAs of Figure 8-5d (Chapter 8) based on the coincidence site lattice theory.
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Figure A8-14. HAADF-STEM image and corresponding FFT analysis of M-Au NAs (Figure
8-5e, Chapter 8) for GB identification.
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Figure A8-15. Change over time of the ζ-potential measured for citrate-capped Au NP solution
with respect to the duration (t) of different flow rates of H2 gas bubbling.

Figure A8-16. The size distribution was obtained by analyzing 100 NPs or crystallites in (a)
L-Au NAs and (b) M-Au NAs derived from STEM images.
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Figure A8-17. Nitrogen adsorption-desorption isotherms of L-Au NAs (a), M-Au NAs (c) and
H-Au NAs (e). Barrett–Joyner–Halenda pore size distribution plots of L-Au NAs (b), M-Au NAs
(d) and H-Au NAs (f).
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Figure A8-18.(a) HAADF-STEM image, (b) in-plane and (c) out-of-plane orientation maps
from the corresponding 4D-STEM dataset for L-Au NAs. (d) HAADF-STEM image and grain
orientation maps (e: in-plane, f: out-of-plane) from the corresponding 4D-STEM dataset for
M-Au NAs. (g) Histogram plots of the GB types derived from over 100 GBs in the 4D-STEM
data.
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Figure A8-19. RRDE collection efficiency calibration. (a) Linear sweep voltammetry curves
recorded on a bare glassy carbon rotation disk electrode (diameter = 5.6 mm) with a Pt ring
(diameter = 15.0 mm) in 0.1 M HClO4 supporting electrolyte with 10 mM K3Fe(CN)6. Sweep
rates: 10 mV s−1, Ering = 1.2 V vs. RHE. (b) Linear fitting of the diffusion-limited current
densities recorded on ring and disk electrodes at different rotation speeds. The experimentally
determined apparent collection efficiency (N) is 36%, close to the theoretical value of 40%.

0,0 0,2 0,4 0,6 0,8 1,0 1,2

0,0

0,1

0,2

0,3

0,4

R
in

g 
C

ur
re

nt
 (m

A)

Disk Current (mA)

Slope: Napparent = 0.36
R2 = 0,999

a b

0,0

0,1

0,2

0,3

0,4
i rin

g (
m

A)

Fe2+ Fe3+ + e-

Fe2+Fe3+ + e-

0,4 0,5 0,6 0,7 0,8 0,9 1,0 1,1

-1,2

-0,8

-0,4

0,0

i di
sk

 (m
A)

E vs RHE (V)

400 rpm
625 rpm
900 rpm
1225 rpm
1600 rpm



11. Appendix: 11.2 SI from Au nanoassemblies project

209

Figure A8-20. HAADF image and FFT analysis for the identification of GB types based on the
coincidence site lattice theory for H-Au NA after the durability test (Figure 8-6d in Chapter
8).
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Figure A8-21. (a) XPS overview survey, (b) Au 4f spectra and (c) B 1s spectra of L-Au NAs,
M-Au NAs and H-Au NAs.

Figure A8-22. (a) SEM image of the protrusions (indicated by white arrows) with Au NAs
embedded in Ni matrix. (b) The cross-sectional SEM image of one protrusion cut by the ion
beam, which indicates that Au NAs (circled by orange short dash line) are embedded in the Ni
matrix. (c) A sharpened specimen from Au NAs embedded in Ni matrix for APT measurement.
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Figure A8-23. APT analysis of Au NPs embedded in a Ni matrix. (a) 3D atom map (iso-
composition surface >50 at.% Au). The inset shows the NP with the cylindrical region of
interest located perpendicular to the Ni matrix/Au NP interface. (b) 1D compositional profiles
of the elements Ni, Au, and B contained in Au NPs.

Figure A8-24. (a) 3D atom maps of L-Au NAs fully embedded in a Ni matrix as indicated by
the Au iso-surfaces (iso-composition surface >50 at.% Au. (b) 1D compositional profiles of the
elements Ni, Au, and B contained in L-Au NAs shown along the direction indicated by the
yellow arrow. The Gibbsian interfacial excess of B is determined to be 1.1 B atoms/nm2. It
implies that a minimal quantity of B segregates at GBs within L-Au NAs.
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Figure A8-25. APT analysis of M-Au NAs , showing the (a) 3D atom maps of the M-Au NAs
fully embedded in a Ni matrix (Au iso-composition surface >50 at.% Au). (b) 1D compositional
profiles of the elements Ni, Au, and B contained in M-Au NAs shown along the direction
indicated by the yellow arrow in the 3D atom map on left panel. The determination of the
Gibbsian interfacial excess of B, yields a value of 2.6 B atoms/nm2. This observation indicates
a greater segregation of B atoms at GBs in M-Au NAs when compared to L-Au NAs.

Figure A8-26. (a) 2 nm thin-sliced tomogram from a 3D atom map (Figure A8-25) of M-Au
NAs (iso-composition surface >90 at.% Au). (b) Extracted GB tomogram of M-Au NAs of the
region delineated by the blue box, in which the orange spheres signify B atoms. (c) 1D
compositional profiles of identified Au and B elements of M-Au NAs along the direction
indicated by the blue arrow.
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Figure A8-27. (a) 3D atom maps of H-Au NAs embedded in a Ni matrix. (iso-composition
surface >50 at.% Au) (b) 1D compositional profiles along the direction indicated by the yellow
arrow in (a) of the elements Ni, Au, and B. The computation of the Gibbsian interfacial excess
of B, denoted as ΓB, reveals a value of 4.2 B atoms/nm2. The observed trend in the concentration
of B segregated at GBs follows the order of H-Au NAs > M-Au NAs > L-Au NAs.

Figure A8-28. APT of H-Au NAs after durability test. (a) 3D atom maps (iso-composition
surface >50 at.% Au) (b) 1D compositional profiles. Gibbsian interfacial excess of B, =  4.0 B
atoms/nm2. This finding indicates that no leaching of B has occurred during durability testing,
affirming the robustness of the trapping of B at GBs.
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Figure A8-29. (a) 2 nm thin-sliced tomogram from a 3D atom map of H-Au NAs after durability
tests. (b) Extracted GB tomogram of H-Au NAs of the region delineated by the yellow box, in
which the orange spheres signify B atoms. (c) 1D compositional profiles of identified Au and
B elements of H-Au NAs along the direction indicated by the yellow arrow.

Figure A8-30. (a) 3D atom maps of L-Au NAs after durability test fully embedded in a Ni
matrix (b) 1D compositional profiles of the elements Ni, Au, and B contained in L-Au NAs after
the durability test shown along the direction indicated by the yellow arrow in the 3D atom map.
Calculated Gibbsian interfacial excess of B = 0.2 B atoms/nm2, indicative of substantial
leaching of B atoms subsequent to the stability test. This observation suggests a notable
reduction in the retention of B within the GB following the stability assessment.
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Table A8-1. EXAFS fitting results of Au L3 edge for Au NPs, L-Au NAs, M-Au NAs, and H-Au
NAs.

Sample CN R (Å) σ2 (10-3 Å2) ∆E0 (eV) R factor

Au NPs 11.8±0.2 2.62±0.02 2.9±1.4 4.4±1.2 0.013

L-Au NAs 10.9±0.3 2.67±0.01 2.1±1.1 2.3±1.5 0.008

M-Au NAs 9.9±0.2 2.73±0.02 3.6±1.5 4.1±2.0 0.017

H-Au NAs 8.7±0.2 2.78±0.02 2.8±1.2 3.5±1.7 0.012
CN: coordination number; R: bond length; σ: Debye-Waller factor; ΔE0: inner potential shift;

R factor depicting quality of the fit.

Table A8-2. Two-electron ORR performance between state-of-the-art two-electron ORR
nanocatalysts reported in recent publications and the catalysts Chapter 8. S=Selectivity

Catalyst
Eonset vs.
RHE

S at 0.6 V S at 0.5 V S at 0.4 V S at 0.3 V S at 0.2 V Ref.

Pt–Hg NPs 0.54 V 77% 93% 95% 91% 83% Nat. Mater. 12,
1137–1143 (2013)

PtP2 NCs 0.66 V 73% 80% 87% 99% 97% Nat. Commun. 11,
3928 (2020)

partially
oxidized Pd
with defect
carbon

0.60 V – – 92% 91% 88% Nat. Commun. 11,
2178 (2020)

Nat. Commun.
7, 10922 (2016)

h-Pt1-CuSx
NPs

0.61 V 95% 95% 96% 95% 93% Chem 5, 2099–2110
(2019)

N-doped single-
wall carbon
nanohorns

0.4 V – – – 97% 97%
Chem 4, 106–123
(2018)

0.35% Pt/TiN 0.63 V 38% 45% 52% 55% 57% Angew. Chem. Int.
Ed. 55, 2058 (2016)

Hierarchically
porous carbon 0.2 V – – – – 96%

Angew. Chem. Int.
Ed. 54, 6837–6841
(2015)

Pd-Hg NPs 0.62 V 91% 99% 97% 92% 85% Nano Lett. 14, 1603
(2014)
J. Am. Chem. Soc.
133, 19432 (2011)

Au–Pd2Hg5

aerogel
0.49 V – – 96% 92% 92% Adv. Mater. 35,

2211512 (2023)

Pd4Se NPs 0.39 V – 90% 92% 92% 90% Nano Energy 89,
106480 (2021)

Au NPs 0.5 V – 77.90% 69.90% 68.90% 68.80% This work
L-Au NAs 0.57 V – 80.00% 79.70% 78.90% 79.60% This work
M-Au NAs 0.61 V 90.70% 90.80% 90.50% 90.10% 91.50% This work
H-Au NAs 0.66 V 99.50% 99.00% 98.90% 98.70% 98.00% This work

92% 87%

93% 94% 95% 94% 94%

Au0.92Pd0.08

NPs
0.55 V – 90% 92%

Pt/HSC 0.51 V
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