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1. Introduction 

During the very early stages of the universe, only a few nanoseconds after the big bang, the 

very basic building blocks of matter – quarks and electrons – aggregated into protons and 

neutrons. A few minutes into the existence of space and time, these so-called hadrones[1] 

began to combine into nuclei. However, it was not until 380,000 years later that the first 

electrons were trapped into an orbit around the nuclei forming the first atoms. These were 

mainly hydrogen and helium, which are by far the most abundant elements in the universe up 

until today, 13.8 billion years later. For another 150 to 200 million years, all matter existed as 

clouds of gas, while the universe continued to expand and cool. Gravity slowly took over in 

parts of these clouds, resulting in the formation of stars in which both hydrogen and helium 

undergo a fusion into heavier atoms such as carbon, oxygen, and finally iron. Only the most 

giant stars managed to fuse heavier atoms such as platinum and gold upon their inevitable 

demise. In the last moments of their existence, these stars violently explode in a supernova 

eruption and blast a significant portion of their fused elements far into space before they 

collapse into a black hole or a neutron star. All basic elements of life that every human is made 

of can thus be tracked back to the remnants of dying stars. However, the atoms originating 

from the remaining stardust are not solely responsible for the formation of life in first place. 

Electromagnetic interaction between the atoms – one of the four fundamental forces we 

know of – is further necessary for the formation of condensed matter.[2] The condensation of 

matter into solids and liquids was crucial for the development of complex molecules and, 

ultimately, life. Especially in solids, the effects of the electromagnetic interaction between the 

atoms becomes apparent on a macrospcopic scale. The shape and form of many solids is 

directly correlated to the very basics of the interactions on a subatomic level and arguably the 

purest manifestation of the fundamental forces in a macroscopic object: a crystal.[3] 

The term “crystal” itself originates from the Greek word krystállous, which translates into 

“coldness drawn together”.[4] In this regard, it almost appears like a coincidence that today 

we know the absolute zero temperature of any substance is represented in the form of a 

perfect crystal.[5] Long before the concepts of matter and thermodynamics were established, 

however, humans were fascinated by crystals. Even the most ancient writings mention a 
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collection of different precious gemstones, their physical qualities, and their origins.[6] Today, 

millennia later, the same stones continue to spark interest in humans around the globe – 

scientific and esoteric – and yet hold many mysteries despite the excessive research they have 

undergone. In science, most researchers have agreed on the definition of a crystal as it is given 

by the International Union of Crystallography (IUCr). A crystal is described as a material that 

has “… an essentially sharp diffraction pattern. The word essentially means that most of the 

intensity of the diffraction is concentrated in relatively sharp Bragg peaks, besides the always 

present diffuse scattering. […]”[7] 

Crystals can take shape in many different forms and colors. Gemstones, for example, often 

originate in the form of simple symmetrical objects like tetragons, cubes, or hexagons with a 

large spectrum of colors. The conditions under which these gemstones emerge are sheltered, 

stable, and seem unchanging on the scale of a human time span. On the other hand, we can 

also observe the formation of highly complex water crystals in the form of snowflakes on an 

almost daily basis during wintertime. A lot can be learned from their sheer endless variety of 

shapes and forms, from which it is said that no two of them can ever be the same. Snowflakes 

arise from water vapor at high altitudes under ever-changing conditions and can grow, melt, 

and recrystallize several times before they reach the ground. Today we know that parameters 

like pressure, temperature, saturation, and several others have a determining impact on the 

emerging crystal shape as illustrated in Figure 1-1. With this in mind, it becomes clear that it 

is impossible for two snowflakes to experience the exact same conditions during their 

formation, which explains the abundant variety of ice crystal shapes.[10] In return, scientists 

 

Figure 1-1 | Ice Crystals: Light microscopy images of ice crystals grown under varying conditions resulting in 
dendrites (a) or capped columns (b). (c) shows a morphology diagram of snow crystal growth as a function of 
temperature and water vapor supersaturation. Reprinted from ref[8] and ref[9] with permission by Kenneth G. 
Libbrecht and Annual Reviews, Inc under the CCC license.[8-9] 
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found that it is possible to turn these parameters to account within the confinement of a 

controlled environment. This allows directing the crystal growth in a way to obtain almost any 

desired shape and form.[8] 

This behavior is not exclusively specific to the formation of water crystals and can be 

observed in almost any type of crystal. Although there is a plethora of different types of 

crystals and mechanisms through which they form, crystallization must still follow the very 

fundamental principles of physics.[11] Scientists’ strife to thoroughly investigate and 

understand these processes to progress and use the gained knowledge for the creation of 

novel and functional materials. In an attempt to obtain an universal model, which can describe 

the formation of condensed matter, scientists found that it is necessary to comprehend 

nucleation as well as crystallization in its whole. The aim of this work is to contribute to this 

effort by providing a deep insight into to the formation processes of a novel class of materials, 

called mesocrystals. 

Over the course of this doctoral thesis, the crystallization of platinum and iron-oxide 

nanocrystals into binary mesocrystals is investigated. In particular, the formation pathway, 

morphogenesis as well as the structural and physical characterization of the obtained 

specimen is illuminated in unprecedented detail. In the upcoming Chapter 2.1 “Crystallization 

from a classical viewpoint”, a brief theoretical background is presented to provide a basic 

understanding of the underlying principles of crystallization and self-assembly. With this 

knowledge the subsequent Scope of the Thesis, which exhibits a brief scope of this work, 

brings the goal of this project into context, and outlines a roadmap of the thereby conducted 

research. This is followed by the presentation of the results over the course of three peer 

reviewed research articles in “Results”, which are the main contribution of this cumulative 

doctoral thesis. The “Records of Contribution” line out the individual contribution in each 

article to appropriately state any personal as well as cooperative contributions in this work. 

The adjacent subchapters 4.2 to 4.4 contain the content of the research articles in a 

thematically constructed order from first mono-phase mesocrystals, then binary and 

ultimately the emerging electrical properties of both entities. Whenever needed, additional 

data in form of Supplementary Information is marked within the corresponding text passages 

and referenced to the associated subchapters. Concluding, a “General Conclusion and 

Outlook” in English (Chapter 5), as well as German (Chapter 6) are presented. Within the 
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“Original Documents” (Chapter 9) at the end of this thesis, the original versions of the 

presented publications are enclosed.
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2. Crystallization and Self-Assembly 

The formation of binary mesocrystalline superstructures, as it will be explored within the 

scope of this thesis, cannot be achieved without a thorough comprehension of all the involved 

processes. Especially the principles and formation mechanisms of regular crystals must be 

understood first. This way, they can be expanded onto the complex issue of binary 

superstructures. Scientists who have come across the challenge of understanding the 

principles of mono-phase mesocrystal formation have realized that this is a highly 

interdisciplinary task, as it involves several fields of research.[12-17] Therefore, this chapter will 

provide the necessary theoretical background to understand and interpret the results 

presented in Chapter 4. This shall be achieved by outlining the four most important keywords 

reoccurring throughout this work: crystal, (non-)classical crystallization, mesocrystal, and 

binary superstructure. Compared to the classical viewpoint on the formation of a crystal, as it 

will be discussed in Chapter 2.1, the unique role that mesocrystals inhere will become 

apparent. Chapter 2.2 lines out how mesocrystal formation – through the processes of self-

assembly – cannot simply be explained by means of a classical crystallization theory. The same 

chapter covers how self-assembly and mesocrystal formation have helped scientists 

understand and further develop the concepts of nonclassical crystallization. The relatively 

novel concept of binary superstructures from nanocrystals further stretches the framework of 

nonclassical crystallization and self-assembly as it incorporates varying building units within 

its main structural property. Accordingly, a distinct definition of binary superstructures in 

Chapter 2.3 is provided, to bring the results of this work into proper context. 

 

2.1. Crystallization from a classical viewpoint 

Crystallization describes the process by which a crystal forms through the organization of 

building units into a highly organized superstructure called crystal. Although crystallization can 

rarely be observed by the naked eye due to its gradualness, it is ubiquitous in everyone’s daily 

life. As discussed in the introduction, the most prevalent form of crystallization is the 

formation of ice crystals. However, there is a multitude of equally predominant examples of 
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crystallization that most people are not aware of. The formation of limescale is such an 

example. It is the result of calcium carbonate crystallization triggered by a shift in the 

bicarbonate equilibrium in hot or evaporating water, leaving chalky stains on wetted surfaces 

or hard deposits within pipes and other household equipment.[18] The annoyances that such 

unwanted crystallization can cause do no justice to the multitude of opportunities for all kinds 

of materials that are achieved when crystallization is conducted in a controlled fashion. 

Electronic devices, for example, are highly reliant on the arguably most important 

synthetically produced single crystal of our time: silicon.[19] Due to the complexity of cutting-

edge computing chips, precise control over the crystallization process of silicon is needed, or 

else the technology on which modern society so heavily relies would not be possible. Not only 

such delicate materials as electronics have benefited from the universality of the well-

investigated crystallization. High-performance construction materials such as alloys, cement, 

or insulating materials gave rise to increasingly more extensive and saver buildings, roads, and 

bridges. Even in medicine, modern crystallization techniques expelled the production of 

cleaner, cheaper, and more versatile drugs.[20] Whether they are of synthetic or natural origin, 

crystals shape the world around us and are an essential part of many living organisms. Shells 

and exoskeletons first come to mind as they are a distinct feature of many animals but also 

bones and teeth are considered crystals and an integral part of the human body.[16] These 

examples show that crystals can take many shapes and forms and how important they are. 

This chapter will therefore outline how exactly a crystal is defined and what is known about 

its formation. 

 

2.1.1. Crystals 

The first attempt to define a crystal was proposed as early as 1801 by the French mineralogist 

René-Just Haüy.[21] Due to the absence of X-ray diffraction techniques, the definition of a 

crystal was still limited in terms of its observable external morphologies.[22] In his deductions 

in 1784 and 1801, Haüy defined crystals regarding the angular and symmetry relationship 

between their outer faces.[21, 23] He found that the natural faces of a crystal can be built by 

piling up elementary building units under specific stacking laws, the so called “Law of Rational 

Indices”.  
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The law states that the intercepts OP, OQ, and OR of any natural crystal faces with the 

unit-cell axes OA = a, OB = b, and OC = c, as illustrated in Figure 2-1a, are inversely 

proportional to the integers h, k and l of the crystal face. As a result, a lattice can be indexed 

through these values with respect to a primitive basis, and therefore h, k, and l are relatively 

prime integers as they do not share a common factor other than +1 or -1. Today, the integers 

h, k, and l are commonly known as Miller indices. Although an almost identical system had 

been proposed by German mineralogist Christian Samuel Weiss in 1817[24], the terminology 

of these indexes is traced back to the work of Hallowes Miller in 1839.[25] It is further shown 

that the law of rational indices can be extended to any reticular plane of which the basis 

vectors are 

 �� � � �
ℎ   , �	 � � 


ℎ  , �� � � �
ℎ (1) 

It becomes clear that C, when made variable, is an integer that identifies a particular lattice 

plane of an infinite set of planes with the same orientation with respect to the basis vector. 

Such an infinite set of planes is denoted by Miller in rounded brackets (hkl) and defines a 

“family of lattice planes” with the equation  

 ℎ � �� � �� � � (2) 

As part of the same work, Miller also introduces the notation {hkl}, which denotes the set of 

all symmetrical equivalent planes to (hkl) of a given lattice. In the Traité de Minéralogie, Haüy 

already visualized this concept by modeling crystals from individual cubes in order to construct 

the {110} faces of a rhomb-dodecahedron as they can be observed in garnet crystals (Figure 

 

Figure 2-1 | Haüy’s description of a crystal: (a) displays a schematic illustration of the geometrics of a unit-cell 
and the intercepting crystal face in red. (b), (c) and (d) show the crystal models of a scalenohedron (b), a rhomb-
dodecahedron (c) and a pentagon-dodecahedron (d) as they were drawn by Haüy in his work “Traité de 
Minéralogie” in 1801. The crystal form of the rhomb-dodecahedron in (c) is superimposed by red lines for better 
visibility.[21, 23]  
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2-1c). In further examples, he also constructed the ½ {210} faces of pyrite as shown in Figure 

2-1d and used rhombohedrons to build up the {210} the scalenohedron of calcite (cf. Figure 

2-1b).  

In 1881, J. W. Gibbs introduced the notion of reciprocal vectors in crystallography.[26] 

Whenever Miller indices are used in the context of crystal directions rather than planes, the 

reciprocal lattice vector of a family of lattice planes (OH) can be used to deduce the lattice 

spacing d of the family. This correlation is described in the equation 

 ℎ�∗ � �
∗ � ��∗ � �� � 1
� (3) 

with a*, b*, and c*, being the reciprocal lattice basis vectors. Accordingly, square brackets 

[hkl] are utilized as an alternative to round parentheses to indicate a direction on the basis of 

the direct lattice vectors instead of the reciprocal lattice.  

The usage of the reciprocal space within the field of crystallography consolidated more than 

one century after Haüy’s work through the discovery and utilization of X-rays by Wilhelm 

Conrad Röntgen.[27] When a beam of X-rays was first directed at a crystalline solid by German 

physicist Max von Laue in 1912, a surprising pattern of reflected rays could be observed 

(Figure 2-2a).[28] In an effort to explain the origin of these patterns, William Lawrence Bragg 

deduced an equation that describes the conditions of constructive interference of waves as a 

result of coherent scattering of such X-rays on a crystal lattice: 

 2� ���� � �� (4) 

With this equation, it is now possible to deduce the distance d between successive layers of 

atoms within a crystal, as each family of lattice planes correlates with a specific glancing-angle 

or “Bragg-Angle” (θ) that can be determined through the diffraction pattern. As it can be 

assumed that the reflection of order n on a family of lattice planes is equivalent to the 

reflection of order 1 on a family of imaginary planes of lattice spacing, the order n of the Bragg 

reflection gives information as it is associated with the reciprocal lattice vector. 

 �� � �
� � 1

����
 (5) 

In a cubic crystal system, for example, the lattice spacing a can be obtained through the 

following equation given the Miller indices h, k, and l of the Bragg plane  

 ���� �  
√ℎ" � �" � �" (6) 

In combination with Bragg’s law, this gives 
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 sin"&�' � �"

4 " &ℎ" � �" � �"' (7) 

At the same time, the German physicist Paul Peter Ewald further established the concept of 

the reciprocal lattice in his famous work “Zur Theorie der Interferenzen der Röntgenstrahlen 

in Kristallen“ in 1913, in an effort to interpret the diffraction pattern of an orthorhombic 

crystal.[29-30] Through a geometric construction – the so-called Ewald’s sphere – he 

demonstrated the relationship between the wavevector of the incident/diffracted X-ray 

beams, the diffraction angle, and the reciprocal lattice of the observed crystal (Figure 2-2c). 

With this knowledge, the definition of a crystal evolved based on the translational, three-

dimensional periodicity of a crystal lattice, which could be concluded from the periodic array 

of Bragg peaks that were obtained from the diffraction patterns of all crystals. This definition 

held true for almost another century until its validity was tested with the discovery of 

aperiodic crystals.[31] In 1982, Dan Shechtman observed a five-fold symmetry in the diffraction 

pattern of an Aluminum-Manganese alloy crystal.[32] A five-fold symmetry cannot hold a 

periodic structure as it lacks translational symmetry. Hence, the object did not fulfill the 

criteria of a crystal at that time and was therefore named quasicrystal. Nevertheless, 

quasicrystals still hold a highly symmetrical, ordered and space-filling structure that can be 

explained by the concept of aperiodic tiling.[33]  Shechtman was awarded the Nobel Prize in 

2011 for his discoveries as they led to a paradigm shift in the field of crystallography and 

caused the redefinition of a crystal to be centered around the idea of spatial order rather than 

periodicity. As a result, the IUCr has proposed two alternative – but theoretically equivalent – 

definitions, which hold valid until today: the Direct-Space and the Reciprocal-Space definition. 

 

Figure 2-2 | The beginnings of crystallography. Excerpts of the original work of Max von Laue[28] and Paul Peter 
Ewald[30] showing the first depictions of a crystal diffraction pattern in (a) and the first attempts to interpret the 
observed reflexes (b) on the example of ZnS. In (c) the original scheme of an Ewald’s sphere is depicted. 
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The Direct-Space (also Real-Space) definition is easier to visualize but less elegant and 

compact, as it specifically addresses the edge case of aperiodic crystals: 

 

“A solid is a crystal if its atoms, ions and/or molecules form, on average, a long-

range ordered arrangement. In most crystals, the arrangement is a periodic array 

that is governed by the rules of translational symmetry. In aperiodic crystals 

(incommensurate and quasicrystals) the arrangement is not periodic in three 

dimensions but is nevertheless still fully ordered, where the ordering follows 

particular mathematical rules.” [34] 

 

The Reciprocal-Space (also Diffraction-Space) definition focuses on the condition of a sharp 

diffraction pattern: 

 

“A solid is a crystal if it has essentially a sharp diffraction pattern. The word 

essentially means that most of the intensity of the diffraction is concentrated in 

relatively sharp Bragg peaks, besides the always present diffuse scattering. In all 

cases, the positions of the diffraction peaks can be expressed by [(8)]” [7] 

 � � ) ℎ*�*∗
+

*,-
     &� ≥ 3' (8) 

 

In Equation 8, �*∗ represents the basis vectors of the reciprocal lattice, ℎ*  the respective 

integer coefficient and �, the minimum number for which the peak positions can be described 

through ℎ*. 

Both definitions are widely agreed on in the scientific community and serve as a foundation 

on which modern concepts of crystals that are not in line with the classical model (crystals 

from individual atoms and molecules) are based. A prominent example of such crystals are 

mesocrystals, which will be explored later. 
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2.1.2. Early Stages of Crystal Formation - a Classical Description 

Like the formation of the universe, the early stages of the emergence of condensed matter 

– the nucleation – have been, and in some regards still are, a mystery to many scientists. The 

processes involved proceed on a size scale that requires sophisticated 21st-century technology 

to make them visible. Even when these were finally available, the gained insight brought 

forward more questions than they answered.[35] In short, nucleation is still not resolved in its 

detail and hence subject to ongoing debate in the scientific community. So far, most scientists 

agree that two major approaches apply when it comes to the description of the early stages 

of crystal formation: the classical nucleation theory (CNT) and the nonclassical nucleation 

theory (nCNT). Both theories are not mutually exclusive from one another. The nCNT can be 

seen as an extension to address the limitations that the CNT is facing, especially when it comes 

to the observations made in solution-based crystallization processes and other systems.[36-38] 

In the context of this work, the CNT will be addressed in more detail as the primary process 

for crystal formation to provide a fundamental understanding of the involved processes. 

According to the theoretical model of the CNT, the spontaneous formation of a new 

thermodynamic phase must occur from a state of metastability. This state can only arise when 

an otherwise stable system deviates from its equilibrium. The degree of deviation can be 

expressed through the supersaturation 0 as it is the driving force causing the formation of a 

cluster of particles, hence a nucleus. In a solution-based nucleation event, the driving force 

can be generalized as the difference between the chemical potentials ∆2 of the two phases. 

 ∆2 � 2� − 245 � �67 ln&0' (9) 

with 2� being the chemical potential of the supersaturated phase, 245 as the potential of the 

emerging solid phase, �6 the Boltzmann constant and 7 the absolute temperature. If the 

driving force ∆2/�67 is high enough, a nucleus can form, which either dissolves or grows 

further to ultimately undergo crystallization into a macroscopic crystal. This means that the 

formation kinetics of a new phase is dominated by the nucleation event, which determines 

the probability for such a nucleus to appear. 

In the simple example of homogenous nucleation, the state of metastability can be easily 

visualized through the calculation of the homogeneous nucleation barrier ∆:∗. The CNT 

assumes that the free energy ∆: of a nucleus can be written as the sum of its bulk and surface 

term. The bulk term is proportional to its volume ;< while the surface term is proportional to 
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its surface area ;". It becomes clear that the Gibbs free energy changes as a function of the 

size of the nucleus 

 ∆:&;' �  ∆:=>�?@A � ∆:B+CADEFGA � 4
3 H;<∆IJ � 4H;"K (10) 

 

For better visualization, (10) is plotted in Figure 2-3. The interface energy ∆:B+CADEFGA in this 

correlation is usually positive, as it is defined through the surface tension K between the two 

phases. It can be stated that the formation of a surface is therefore energetically unfavorable. 

In contrast, the bulk energy ∆:=>�?@A is negative because of the negative free energy change 

per unit volume ∆IJ in a supersaturated environment.  This counterbalance creates a 

metastable state at a critical radius ;G of the nucleus where the bulk contribution compensates 

the interface energy, and (10) reaches its maximum.[12, 39] 

 L�:
�; M

D,DNOPQ
� 0 (11) 

 A new phase smaller than the critical size will dissolve as it costs more energy to create a 

new interface than is gained from coagulating atoms into a bulk. If a nucleus is forming that is 

exceeding the critical size, the nucleus will continue to grow, as the opposite is the case. The 

energy needed to create a nucleus of a critical size is called the Gibbs free energy barrier ∆:∗. 

 

Figure 2-3 | Free energy diagram of a growing nucleus as a function of its radius: The plotted graph of (10) is 
marked in blue and represents the sum of the bulk and interface energy. The red line reflects the surface term 
of this equation, while the green line shows the bulk term with constant values for ∆ST and U. The dotted line 
shows the Gibbs free energy barrier ∆V∗of a critical nucleus of the size W�WXY. Reprinted from ref[39] under the CC 
BY 3.0 license.[39] 
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In a real-world scenario, homogenous nucleation is far less frequent than heterogenous 

nucleation. The latter can proceed on solid impurities, gas bubbles, and other interfaces that 

lower the energy barrier for the formation of a critical nucleus. Especially in a low 

supersaturation environment, heterogeneous nucleation usually dominates due to an 

increase in interfacial energy of the active homogeneous nucleus. As stated earlier, the 

theoretical model of the CNT has its limitations, as it is based on several assumptions such as 

a spherical shape of the nucleus and the “capillary assumption”.[40-41] As a result, the CNT often 

fails to accurately predict quantitative nucleation rates. By utilizing continuum 

thermodynamics to describe the nucleation from a supersaturated vapor, Becker and Döring 

derived a classical crystallization theory to correct these inaccuracies.[12, 42] Although the CNT 

has been developed and improved over the subsequent years, it still lacks accuracy in correctly 

predicting nucleation rates by several orders of magnitude in some cases.[43-44] Nonetheless, 

the CNT provides a solid framework for understanding the early stages of crystal formation 

from individual building blocks, which at a certain level even holds true for the formation of 

mesocrystals. The role of the driving force in the formation of a macroscopic crystal via 

classical crystallization past the initial nucleation event will be explored further in the 

upcoming chapter. 

 

2.1.3. Classical Crystallization and Crystal Growth 

Once a nucleus has exceeded its critical size and therefore continues to grow, the first stage 

of crystallization – nucleation – is concluded. To emerge into a macroscopic structure, the 

nucleus must undergo the second stage of crystallization, also referred to as crystal growth. 

In terms of mass conversion, this stage involves the majority of processes. It is typically much 

faster than nucleation and determines the characteristic external shape of the crystal, called 

crystal habitus. Analogous to nucleation, the process of crystal growth can be viewed from a 

classical standpoint to facilitate a basic understanding of the otherwise highly complex 

processes involved. 

Nicolaus Steno laid the foundation of modern science on crystal growth in 1669 with his work 

on the morphogenesis of rock crystals.[45] Morphogenesis in crystallography is often referred 

to as the development of the crystal shape.[46] Steno studied the varying shapes and forms of 

rock crystals. He discovered that the angles between corresponding faces of any crystal of the 
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same material or specimen are the same. Today, this condition is still known as Steno’s Law 

or “The First Law of Crystallography”. In connection to Chapter 2.1.1, Steno’s fundamental 

breakthrough paved the way for Haüy’s “Law of Rational Indices” and formed the basis of all 

subsequent inquiries into the structure of a crystal. Nowadays, it is understood that the 

varying habitus of crystals from the same material is traced back to the different growth rates 

along distinct crystallographic directions. The lower the growth rate of a specific face is, the 

larger it will appear on the final crystal, while the fastest-growing face might eventually 

disappear.[46] In an effort to understand this behavior, the principles of crystal growth need to 

be considered from an atomic level, as demonstrated by Kossel and Stranski in the late 

1920s.[47-48] A common way to illustrate the classical growth model is to factor in both, the 

interface of a solid crystal or nucleus and its ambient phase. When a supersaturated state is 

reached so that the driving force exceeds the energy barrier for nucleation, a nucleus of critical 

size will form as it was explained in the previous Chapter 2.1.2. The formation of the nucleus 

will result in a diluted region from which the building blocks for the nucleus originated. This 

region is called the diffusion boundary layer. Due to a concentration gradient between the 

boundary layer and the ambient bulk phase, building blocks will diffuse towards the nucleus. 

There, they can attach to and diffuse on the surface or reattach and return to the ambient 

phase. In his effort to explain the fundamentals of crystal growth, Walther Kossel established 

a model that simplifies these processes by using a schematic cube made up of smaller cubes. 

The smaller cubes represent atoms, ions, or molecules as individual building units, while the 

ordered structure of the smaller cubes reflects the growing crystal. Such a “Kossel Crystal” is 

illustrated in Figure 2-4. 

From this model, several different faces that can emerge from such a simple model become 

evident. The perfectly flat (100) face F, which is paved by building units and therefore called 

“complete”, the stepped (011) face S, and the kinked (111) face K with a rough and 

“incomplete” surface. The Kossel Crystal further visualizes the attachment energies involved 

in the formation of a crystal phase as proposed by Hartman and Perdok.[49-51] A building unit 

that has been adsorbed to the crystal interface and does not reattach can be in different states 

during the growth of the crystal. During its first moments, the adsorbed building unit 

undergoes de-solvation as the solvent molecules detach from the interface of the building unit 

that is now shared with the bulk of the crystal. The solvent molecules return to the ambient 

phase, where they further dilute the boundary layer and propel the movement of additional 
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units toward the interface. In this state, the freshly adsorbed building block shares five of its 

six interfaces with the ambient phase and one with the bulk of the crystal. The more interfaces 

are shared with the ambient phase, the higher the attachment energy.[50] Through diffusion, 

the building block can move around the surface (white arrows) and eventually incorporate 

into kinks and steps to lower the number of surfaces further. As this process repeats, the 

crystal will grow, favoring complete surfaces over incomplete ones, directing the shape of the 

crystal.[51] The role of cubes as the primary building units in this model suggests that similar 

processes can be expected when it comes to the formation of mesocrystals from cubic 

nanoparticles which are highly relevant in this work.[12, 17, 52] 

In the Introduction, examples were shown (Figure 1-1), which illustrate that the appearance 

of crystals can often vary from what scientists would presume when referring to the 

theoretical description described here. Water crystals can emerge as dendrites and polyhedral 

crystals, although they are composed of the same building unit. This comes to show that the 

 

Figure 2-4 | Schematic illustration of a Kossel crystal: Primitively ordered cubes (in blue) represent the lattice 
structure of a “Kossel” crystal. The resulting faces that emerge from this ordering are indicated by the letters F 
(flat), S (stepped), K (kinked), and their corresponding miller indices in the index (hkl). Individual kink sites, steps, 
and point defects are illustrated on the top of the crystal. The process of an adsorbing and detaching building 
unit is highlighted by the black arrows. The white arrows indicate the diffusion of the adsorbed unit on the faces 
of the crystal. 
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morphology of a crystal is not solely determined by its crystal structure but merely directed 

by it through providing a framework of guidelines. The process and the conditions under which 

crystals are formed ultimately determine their final shape. Early on, dendritic and polyhedral 

crystals were viewed as separated subjects. This was soon to be disproved when the 

connection between the growth mechanism and the driving force was made.[53] If the driving 

force during crystallization is high, an arriving building block can immediately incorporate into 

a kink site with usually high attachment energy. This mechanism is called adhesive-type 

growth and favors the formation of incomplete faces, leading to dendritic crystals. When a 

building block arrives at the interface in an environment where the driving force is too low to 

support adhesive-type growth, it cannot be directly built into the crystal. Instead, the building 

block must attach to a complete surface where it is likely to leave into the ambient phase again 

if it cannot diffuse towards a step where it can get incorporated into the crystal. This will lead 

to a two-dimensional spreading of the existing step until it reaches the edge of the crystal and 

gets completed. For the appearance of a new step and, therefore, the further growth of a 

crystal, a new step must form. A two-dimensional nucleation event is necessary to form such 

a step which is the limiting factor of this growth mechanism. This so-called layer-by-layer 

growth primarily favors polyhedral crystals. 

 

2.1.4. Defects, Impurities, and Recrystallization 

Scientists have observed that crystal growth can still occur even when the driving force is too 

low to form a perfect crystal. This indicates that there must be a third, still unknown growth 

mechanism. Based on the principles of impurities and defects of real crystals, the BCF model 

of crystal growth was proposed in 1951 and named after its developers, Burton, Cabrera, and 

Frank.[54] Due to the presence of a specific crystallographic defect, called dislocation, a step 

on an otherwise complete surface can be found.[55]  Arriving building units can continuously 

attach to this step without overcoming the energy barrier of a two-dimensional nucleation 

event on a flat surface, as the step can advance around the dislocation like a spiral staircase. 

This spiral growth mechanism can result in the growth of polyhedral crystals even when the 

driving force would be too low for a classical layer-by-layer growth mechanism.[54-55] 

Dislocation defects are typically formed through mechanical stress within a crystal or when 

two crystal planes interface during growth. Impurities within the crystal or present during its 
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growth can also promote the formation of such defects and therefore lead to a spiral growth 

mechanism. This demonstrates that the conditions that have a strong influence on 

crystallization can also include impurities and additives. While some impurities may suppress 

crystallization on its whole, others can promote growth along certain crystallographic 

directions. This is achieved through additives that preferably occupy lattice planes of a specific 

surface characteristic, inhibiting its growth and shaping the morphology of the emerging 

crystal.[56-58]  

On the other hand, crystallization can also be used to remove impurities under certain 

conditions through the process of recrystallization. As all crystals can be dissolved and 

recrystallized repeatedly, the material which forms the crystal will eventually accumulate 

within the crystal. At the same time, the impurities stay in the solution and can be removed 

with every successive crystallization step. This important property of crystals is used on a daily 

basis in the industry and chemical laboratories around the world.[59-60] 

Over the course of this thesis, it will be laid out how the effects of impurities and additives 

will play an important role in the formation of anisotropic nanocrystals. They are crucial when 

it comes to the development of binary mesocrystals through nonclassical crystallization. 

 

2.2. Nonclassical Crystallization and Self-Assembly 

At the end of Chapter 2.1.2 the inaccuracies concerning the accurate prediction of nucleation 

rates through the CNT were raised. At the end of the 20th century, a growing number of 

examples were found by scientists, which cannot be explained by classical crystallization 

models.[36, 38, 41] Not only nucleation but also the second major step in crystallization, the 

crystal growth is now known to proceed along a pathway that does not follow classical 

crystallization principles in many cases.[61-63] Furthermore, the assumption that crystals can 

only grow through the attachment of atoms, ions, and molecules, as classical models suggest 

has long been challenged.[61] With the emergence of highly accurate analytical tools to resolve 

such small and dynamic species, it became evident that crystals can also form by the 

attachment of individual particles, clusters, or droplets rather than just atoms or molecules.[64] 

As a result, the concept of “nonclassical crystallization” formed to combine all alternative 

crystallization pathways that cannot be explained by means of classical viewpoints under one 
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term. Over the last two decades, many more examples have been found, where individual 

nanocrystals (Chapter 2.2.1) proceed along a nonclassical crystallization (Chapter 2.2.2) 

pathway and undergo the process of self-assembly (Chapter 2.2.3) into larger colloidal crystals 

(Chapter 2.2.4).[12-13] An important example of such crystals are mesoscopically structured 

crystals, which are often referred to as mesocrystals (Chapter 2.2.4 and Chapter 2.2.5). In this 

chapter, each of the terms written in italic will be explored in detail to elucidate the 

characteristics and mechanisms that facilitate the formation of a mesocrystal. 

 

2.2.1. Nanocrystals 

From the term itself, it might appear that nanocrystals are just very tiny crystals. This is 

suggested by the prefix nano, which originates from the Greek word nános for dwarf. In 

science, the prefix is commonly used for denoting a factor of a billionth. For nanocrystals, this 

also applies in regard to their size, which is typically within the range of several nanometers. 

In material sciences, nanoparticles are often categorized more strictly as three-dimensional 

objects with a size between 1 and 100 nanometers in at least one direction. 

There are two major approaches to producing nanocrystals: top-down and bottom-up. 

Top-down methods primarily include milling and etching techniques to produce small 

structures from a larger crystal.[65] Etching techniques are usually accompanied by lithography 

methods to create precise nanostructures, mostly for electronic devices and computer 

chips.[66] Other methods such as laser pyrolysis, metal evaporation, or ionic irradiation are less 

common but can be superior under certain circumstances.[67-69] The bottom-up technique, 

where nanocrystals are created from atoms, ions or molecules, typically makes use of 

chemical, electrochemical, photochemical or biochemical processes. A wide variety of these 

methods have been reported over the years, but only a few are well established in terms of 

particle yield, morphology, uniformity, and reproducibility.[70] Most commonly used are so-

called wet-chemical techniques as they offer precise control over the reaction conditions, and 

the involved formation mechanisms are often well understood.[71] Analogous to the formation 

of macroscopic crystals, nanocrystal synthesis follows the CNT principles regarding nucleation 

and crystal growth, as discussed in Chapter 2.1. Subsequent separation of the nanocrystals 

from other chemicals and a post preparative treatment are necessary to stabilize these 

particles. In order to obtain a uniform particle size, the nucleation event must be separated 



2.2 Nonclassical Crystallization and Self-Assembly 

29 
 

from the growth process. A separation can be achieved either by a kinetic approach or through 

a temporal separation, as it is illustrated within the LaMer model in Figure 2-5.[72] 

Two commonly used wet-chemical techniques make use of either of these approaches. The 

first is the hot-injection technique, in which a precursor solution is promptly injected into a 

hot solution (or vice versa) to trigger nucleation. Upon injection, the cold precursor 

simultaneously cools the reaction mixture down to a temperature where the nucleation event 

no longer occurs, and instead, the growth of the nuclei can proceed.[73-74] The hot-injection 

method has some significant disadvantages concerning industrial applicability, as it cannot be 

scaled up feasibly.[71] These disadvantages can be overcome by the second technique, the 

heating-up method. The reaction solution in this method contains both the precursor and the 

reagents at low temperatures at the beginning of the synthesis. During heating, the precursor 

continuously reacts to form the monomer of the resulting particles. Upon a certain 

temperature, the monomer concentration triggers the nucleation event and starts nanocrystal 

 

Figure 2-5 | Schematic illustration of the LaMer model: The diagram shows the concentration of a monomer 
solution during nanocrystal formation as a function of time. Nanocrystal formation is divided into three stages: 
monomer generation (I), nucleation (II), and crystal growth (III). S indicates the supersaturation threshold, and 
SC represents the critical supersaturation value above which nucleation occurs. A high and fast nucleation phase 
will lead to monodisperse particles, as nucleation and growth are separated once the concentration drops below 
SC again. The depicted dots in area (I) represent monomers, the small particles in area (II) critical nuclei and in 
area (III) growing nanocubes. 
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growth at relatively low supersaturation. Based on the principles of the LaMer model (Figure 

2-5), further nucleation events are prevented if the supersaturation drops below the SC 

threshold. At this point, the proceeding formation of monomer by the remaining precursor is 

steadily used up by the growth of the nanocrystals. The initial, short nuclei formation and the 

growth process separation lead to highly monodisperse nanocrystals.[71] It is crucial that all 

parameters like precursor concentration and heating rate are carefully controlled to achieve 

a successful separation. The heating-up method is subject to all nanocrystal syntheses used in 

this work and, therefore, of major relevance to the research presented in Chapter 4. 

Besides the challenges faced when it comes to the formation of nanocrystals, the multitude 

of unique characteristics that crystals on the nanoscale can inhere reward all efforts. Whether 

the produced specimens are called nano-crystals, -structures, -droplets, or -particles, they all 

share size-related properties that distinguish them from their macroscopic analogs. These 

properties can be divided into three subgroups: surface-dependent particle properties, size-

dependent particle properties, and size-dependent quantum effects.[75] 

 “Surface-dependent particle properties” become apparent when looking at the example of 

a cube that is divided into several smaller cubes. Figure 2-6 illustrates how the surface area of 

a cube increases by the same factor that its edge length is decided into. The formula shows 

that a cube of 1 cm in size, which is divided into equal 1 nm small cubes has its surface area 

increased by a factor of ten million times (107). This enormous increase in surface area makes 

Figure 2-6 | Surface area of a divided cube: Schematic illustration of a cube with an edge length of a that is 
divided into 3 equal parts to create 33 smaller cubes. The new surface areas that are emerging (Aadd) can be 
calculated by the formula 6(x-1)a2, with x being the number of equal parts the original edge length is divided 
into. In this example, the surface total surface area increases by a factor of 3. 
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nanoparticles especially interesting for applications that benefit from a high surface-to-

volume ratio like catalytical, optical, or electronic applications.[75-78] Besides the plain increase 

in surface area, some nanoparticles can also show a change in their material properties, which 

are accommodated within the second subgroup, “size-dependent particle properties”.[75] The 

most prominent example of a material with size-dependent particle properties is iron oxide in 

the form of magnetite (Fe3O4) nanoparticles. The ferrimagnetic properties of bulk magnetite 

change significantly for nanocrystals smaller than roughly 30 nm. At this size, they only possess 

one magnetic domain instead of several as in the bulk material and the nanoparticles suddenly 

show a superparamagnetic behavior. The superparamagnetic property results in a randomly 

distributed magnetization of the particles at room temperature, which only aligns if an 

external magnetic field is applied.[79-82] The applications that arise from such a material can be 

used for catalyst recycling and, in some cases, even allow for the manipulation of growth 

mechanisms in large particle assemblies.[83-85] The third subgroup of size-related properties of 

nanoparticles is the “size-dependent quantum effects”. These properties are most common 

in metal or semi-conductor materials as they result from the unique electronic state of 

nanoparticles. By virtue of their small size, small nanoparticles constrain the wave function of 

electrons within, as the De-Broglie wavelength of an electron is calculated to be 7.6 nm. 

Therefore, a constrained electron wave function leads to a stronger destabilization of the 

lowest unoccupied molecular orbital (LUMO) than the highest occupied molecular orbit 

(HOMO). For semi-conductor nanoparticles, this results in an increase in the bandgap, typically 

for particles smaller than 100 nm. Another more visible effect in some metal nanoparticles 

like gold is localized surface plasmons, which are also traced back to confinement effects.[86-

87] Research within the field of metal and semi-conductor nanoparticles led to tremendous 

progress in optoelectronic related applications like solar cells and light-emitting diodes 

(LEDs).[77, 88-90]  

Particle size is not the only factor that affects the special properties of nanocrystals. The 

shape also has a direct impact as it reflects the surface characteristics of the exposed facets 

of the crystal structure. Research on different shaped platinum nanocrystals demonstrated 

how particle morphologies lead to a significant change in catalytic activity in various 

reactions.[78, 91] Other examples were presented by the investigation of zinc oxide nanoprisms. 

The nanoprisms revealed that the shortening of the particles alongside a certain 

crystallographic direction causes an opposed quantum-size effect by decreasing its 
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bandgap.[92] On cobalt nanorods, the magnetic properties could be controlled as a factor of 

nanorod length in both coercivity and thermal activation volume.[93] These observations 

demonstrate that the shape anisotropy of nanoparticles clearly influences catalytic as well as 

electronic and magnetic properties.[78, 94] The ability to design and tailor nanocrystal 

morphology in a way that the emerging material will meet any desired properties that 

industrial applications (solar cells, catalysts, batteries, …) demand underlines the enormous 

potential of this technology. However, the complete control over nanoparticle synthesis to 

obtain the desired particle size and, more importantly, the anisotropic shape remains a 

significant obstacle in many cases. The principles of crystal formation (Chapter 2.1.4) highlight 

how the shape of a crystal can be influenced by the use of capping agents to suppress growth 

along certain crystallographic directions. A fitting example with high relevance to this work is 

the formation of iron oxide nanocubes, as demonstrated in the work of Lennart Bergström.[95] 

It was found that a series of precise adjustments of the oleic acid and sodium oleate ratio 

allowed for a highly monodisperse formation of anisotropic nanocubes instead of spheres. 

The sodium oleate acts as an inhibitor of the growth of {100} faces of iron oxide by binding to 

its surface and preventing it from adsorbing building units while the oleic acid stabilizes the 

nanocrystals in the organic solvent.[96-98] 

Besides size- and shape-related properties, another large field of research involves the use 

of multicomponent nanocrystals. Often referred to as “core-shell nanoparticles”, this type of 

nanocrystals can facilitate combined properties that emerge from the combination of various 

materials.[77, 99] Core-shell nanoparticles are comprised of an inner material (core) and an 

outer layer (shell). Core and shell can consist of a wide range of different combinations of 

materials with various interactions.[99] Although the principles of multicomponent materials 

are at the center of this thesis, it does not involve multicomponent nanocrystals, which is why 

they will not be discussed in more detail. 

As it is revealed in this chapter, nanocrystals have undergone extensive research in the last 

few decades.[94, 100-102] Nonetheless, there is still an ever-increasing interest in the field of 

nanoscience within the scientific and industrial community. This is due to the wide variety of 

applications in which nanostructured materials have already found use and the rising demand 

for high-performance materials in modern technologies. On the other hand, there are also 

several scientific issues that concern nanocrystals that remain unsolved and need to be 

addressed. Especially the control over the synthesis, which determines the size and shape of 
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the nanocrystals, still presents a major challenge. Another significant issue that has been 

neglected so far is the use of lipids such as oleic acid as the primary surfactant and stabilizer 

for nanocrystals.[103] The long chains of hydrocarbons in these molecules often act as an 

insulating shell, covering the nanocrystals and hindering their electron transfer capabilities. 

This complicates the use of such particles in electronic, catalytic, and optical applications. 

Avoiding these molecules in the first place has proven to work, although it makes nanoparticle 

formation much harder and less versatile.[104-106] Researchers have also tackled this issue by 

utilizing inorganic metal chalcogenide and halide ligands or by altering the hydrocarbons 

through thermal treatment.[107-110] The latter is further explored within the framework of this 

thesis in Chapter 4.4. The multitude of the presented research also reveals that the unique 

properties of nanocrystals can be accessed best when they are assembled into larger 

structures. When it comes to working with nanocrystals, one of the biggest issues is also 

related to their size. With sizes up to 10000 times smaller than a human hair, it becomes 

merely impossible to manipulate and assemble individual particles. Although it has been 

demonstrated how atomic force microscopes can achieve such a demanding task, it remains 

a very slow and costly process.[111] Therefore, scientists strive to find new methods that can 

facilitate agglomeration or self-assembly into larger, preferably ordered structures which 

allow the extraordinary properties of nanocrystals to be tangible in the macroscopic world. 

Over the last two decades, it has become clear that this can be achieved by understanding and 

taking advantage of nonclassical crystallization processes.[112] 

 

2.2.2. Nonclassical Crystallization 

The investigation of natural and biological minerals with the analytical tools available in the 

21st century revealed structures whose formation could no longer be explained by means of 

classical crystallization mechanisms. Among them are calcium carbonate, calcium phosphate, 

and their biomineral analogs such as sea urchin spine, nacre, and bone.[12, 16, 113-118] Especially 

the discovery of calcium carbonate mineralization through a polymer-induced liquid precursor 

(PILP) by Gower et al. challenged scientists to find an alternative way to explain the 

observations made.[38] Several years later, a nonclassical mechanism was proposed for this 

system in the crystallization pathway of prenucleation clusters (PNC).[113] The PNC is based on 

the formation of dynamic clusters, which are driven by the entropy gain as a result of 
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hydration water loss of hydrated ions. These clusters then continue to lose water and 

eventually coalesce into an amorphous phase from which a crystal can form.[113, 119] In the 

example of the PILP mineralization, it became clear that the underlying nucleation processes 

are still not fully understood almost one century after the first attempts to describe a proper 

theory by Becker and Döring.[42] Despite the PNC, there have been observations made that 

suggest the presence of various other crystallization pathways like the two-step nucleation 

mechanism of proteins and organic molecules.[120] The concept of a nonclassical crystallization 

pathway is not restricted solely to the nucleation event. The second step of crystallization 

– crystal growth – has also been observed to progress along a nonclassical pathway. In the 

CNT, it is consent that crystals primarily grow through a layer-by-layer process by adding 

atoms, ions, or molecules, as described in Chapter 2.1.3. The layer-by-layer growth restricts 

the habit of a classically formed crystal to the faces that are encoded within the unit cell. 

However, in the example of biominerals like the sea urchin spine, it was found that complex 

shapes can crystallize as a single crystalline material that does not adhere to the restrictions 

of classically formed crystals.[121-122]  

The multitude of different formation mechanisms, as illustrated in Figure 2-7, demonstrates 

that the concept of a nonclassical crystallization (NCC) pathway needs to be considered as an 

umbrella term for a number of crystallization pathways that differ from the classical 

crystallization models. While the CNT relies on atomic or molecular building units, the NCC 

commonly involves nanoparticles, clusters, or liquid droplets in its descriptions for the 

formation of a crystal. The NCC further considers that each elementary step towards a 

macroscopic crystal is influenced by multiple handles, which can be controlled by carefully 

adjusting experimental procedures or additives individually. The most frequently involved 

building units when it comes to the formation of macroscopic structures through the NCC are 

nanocrystals (Chapter 2.2.1). Nanoparticles can aggregate in an oriented manner to form a 

superstructure of iso-oriented nanoparticles.[112]. Figure 2-7 also illustrates how a single 

crystal can form through particle fusion along their crystallographic oriented surfaces from a 

nonclassically formed superstructure. This process is called oriented attachment (OA).[63] A 

related process can be observed when the nanoparticles are colloidally stabilized through 

organic molecules. Through oriented aggregation, the nanoparticles can self-assemble into a 

highly ordered, mesoscopically structured crystal with a crystallographic alignment of the 

particles.  Remarkably, the nanoparticles retain their alignment despite their spatial 
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separation through the organic molecules. So-called mesocrystals are relatively common in 

nature and arguably the primary reason for the high strength and resilience of many 

biominerals like nacre, for example.[16, 118, 123] Gaining control over the mechanism steps of the 

NCC on the example of biomineralization will ultimately open a plethora of potential 

applications for the synthesis of advanced bio-inspired materials.[124-125] Therefore, it is crucial 

to examine the underlying principles of self-assembly to ultimately understand the formation 

processes of these materials. 

 

 

 

 

Figure 2-7 | Schematic illustration of classical and nonclassical crystallization pathways: The classical 
crystallization pathway is indicated by (a) on the left side of the scheme. Nonclassical pathways (b-d) include the 
oriented aggregation of un-stabilized nanocrystals (b), mesocrystal formation from stabilized nanocrystals (c), 
and the PNC pathway via liquid droplets or amorphous phases (d). The arrows at the bottom indicate how 
mesocrystals can undergo fusion to form a classical single crystal through a nonclassical pathway.[126] Reprinted 
with permission from ref[112] Copyright 2019 American Chemical Society.[112] 
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2.2.3. Self-Assembly 

Self-assembly is the process of forming an organized structure from a disordered system as 

a result of specific local interactions between the pre-existing components without any 

external directive. Structures organized in this way are omnipresent in nature and range from 

the molecular level to cosmic scales.[127] In chemistry, self-assembly is often reversible due to 

the absence of covalent interactions. It can therefore be classified as either static or 

dynamic.[127] In dynamic self-assembly, the components organize themselves through specific 

local interactions by dissipating energy. The resulting structures are often referred to as “self-

organized” rather than “self-assembled”. However, both terms are often used 

interchangeably. A common example of dynamic self-assembly is oscillating chemical 

reactions.[128-129] On the other hand, static self-assembly does not dissipate energy and is 

driven by a reduction in free energy as the system approaches a global or local equilibrium. 

The formation of ordered structures in static self-assembly requires energy, but once it 

reaches the state of equilibrium, it is stable.[130] Most research conducted regarding self-

assembly, like molecular or colloidal crystals, uses a static self-assembly process.[14, 131-135]  

The key feature of self-assembly is embedded within the characteristics of its components. 

These characteristics can be shape, surface properties, stabilizer molecules, charge, magnetic 

dipoles, etc. The way the individual components organize themselves directly reflects the 

information that is coded into them through these characteristics. Self-assembled iron oxide 

nanocubes, for example, show a significant change in their orientational order in direct 

correlation to the shape of the nanoparticles. Nanocubes with a high degree of anisotropy 

(sharp corners) tend to order in a primitive cubic packing. At the same time, the cubes with 

rounder edges prefer to follow the “bump-to-hollow” principle, resulting in a different packing 

structure.[95, 136-139] Whether the interactions that navigate the packing structure are of non-

covalent, weak covalent, capillary or entropic in origin, they all require the components to be 

mobile in the first place. This is based on the requirement of obtaining an equilibrium state 

and the reason why self-assembly usually has to occur in fluid phases. Components must be 

able to equilibrate between an aggregated and a non-aggregated state or at least can adjust 

their relative positions to one another once aggregated.[130] 

The environment in which the components move also influences the interaction between 

them. In the example of iron oxide nanocubes, it was further shown that the interactions can 
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be tailored by simply changing the solvent that the nanoparticles are dispersed in.[130, 139] The 

solvent change directly impacts the solvation shell and, therefore, the overall shape of the 

particle, which in return has an impact on its packing behavior.[139-140] Another example of 

environmental modifiers can be tailored boundaries and templates, which help reduce defects 

and control the structure.[141] 

It is apparent that self-assembly is the key component to nonclassical crystallization at all 

scales. The formation of crystalline lattices along a nonclassical crystallization pathway 

provides a method in which small particles can be turned into macroscopic ensembles.[134] 

Nowadays, the precision with which nanoparticles can be assembled challenges even 

lithographic methods in some cases. Especially in nanoscience, self-assembly is the key tool 

for converting nanocrystals into larger functional structures and utilizing their astounding 

properties on the mesoscale. This is achieved mostly through bottom-up approaches. The 

most prominent examples of such structures are colloidal- and mesocrystals.[16, 142] 

 

2.2.4. Colloidal- and Mesocrystals 

Any periodic assembly of monodisperse colloid particles that “… conforms to the symmetries 

familiar from molecular or atomic crystals” is referred to as a colloidal crystal according to the 

International Union of Pure and Applied Chemistry (IUPAC). It is further noted that colloidal 

crystals can be formed in a liquid or as a result of drying a particle suspension.[143] Examples 

of colloidal crystals can be found all over nature in the form of gem opals, musculus shells, 

and even human tissue.[16, 121, 144-146] Similar to atomic crystals, the structuring of a colloidal 

crystal often follows the principles of maximum space-filling.[14, 137-138, 147-149] An optimal 

packing efficiency – and therefore space-filling – can be achieved in three different ways: 

tiling, packing, or covering. If the assembled particles are rigid and anisotropically shaped, a 

tiling will achieve the highest degree of space-filling. Many colloidal particles exhibit a 

relatively thick shell of organic molecules around them. The thicker this shell is, the more likely 

it is that packing instead of tiling will achieve maximum space-filling. If the thick organic shell 

covering the particles is spherical and easily deformable, a higher space-filling can be obtained 

by covering rather than tiling. This shows how the structure of colloidal crystals is strongly 

directed by the characteristics of the stabilizing shell and the morphology of the crystalline 

core.[136, 150-151] The necessity mentioned above that the individual particles in colloidal crystals 



2 Crystallization and Self-Assembly 

38 
 

have to be monodisperse is what can distinguish a colloidal crystal from a mesocrystal. Both 

colloidal- and mesocrystals belong to a superset of so-called colloidal solids. A schematic 

illustration of colloidal solids is given in Figure 2-8. 

 

Figure 2-8 | Schematic representation of colloidal solids: On the top left, a schematic projection and the 
corresponding wide-angle diffraction pattern of a single crystalline material are shown for comparison. The top 
right illustration resembles a powder of individual single crystals which are randomly oriented. Together with 
the other illustrated examples, it belongs to the set of colloidal solids. Colloidal solids can be further grouped 
into either colloidal crystals or mesocrystals, depending on how they are structured. The structure is reflected in 
the wide- and small-angle diffraction patterns which are shown in the black insets. Colloidal crystals always show 
a sharp pattern of small-angle Bragg peaks, while mesocrystals must show relatively sharp wide-angle Bragg 
peaks. This results in an overlap of two types of structures that are classified as both colloidal- and mesocrystals, 
which have sharp wide- and small-angle diffraction patterns. These structures are preferably called Type I 
mesocrystals. Structures that do not exhibit sharp Bragg peaks in the small-angle region but are highly symetrical 
on the wide-angle pattern are Type II mesocrystals. Reprinted from ref[14] under the permission of the CC BY 3.0 
license.[14] 
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The main difference between colloidal solids and a classical single crystal is in virtue of their 

building units. Colloidal solids form through the aggregation of particles such as nanocrystals 

instead of atoms and molecules. A very fine powder is, by definition, a colloidal solid, as it is a 

disordered aggregate of colloidal particles. However, it is rarely used in that context. 

Nonetheless, the concept of a colloidal solid is useful to illustrate the overlap and 

differentiation between colloidal- and meso-crystals in this example.[14] When the diffraction 

patterns of a colloidal crystal are compared to that of a single crystal, a clear difference can 

be found (Figure 2-8). A single crystal always shows sharp wide-angle Bragg peaks 

corresponding to the crystallographic long-range ordering of the atoms. The wide-angle 

signals on a colloidal crystal, however, are similar to the circular signals observed in a powder. 

The ring signals emerge due to the random orientation of the individual nanocrystals. The 

colloidal crystal also shows distinct signals in the small-angle region due to the hierarchical 

ordering of the individual particles which are missing in a single crystal pattern. In the case 

that the individual particles of a colloidal crystal are aligned along a common crystallographic 

plane, which results in relatively sharp wide-angle Bragg peaks, a Type I mesocrystal is formed. 

Type I mesocrystals can be divided into two subcategories if additional wide-angle peaks 

appear due to a systematic misalignment of nanocrystals as a result of the superstructure 

symmetry (Figure 2-8). Both categories of Type I mesocrystals belong to the group of colloidal 

crystals due to their sharp small-angle reflexes, in contrast to Type II mesocrystals. Type II 

mesocrystals have a less defined small-angle region which can be traced back to the significant 

dispersity in size and ordering of the crystallographically aligned nanocrystals.  

In the wake of categorizing colloidal solids and mesocrystals, Cölfen and Sturm attempted to 

propose a universal definition for mesocrystals, building on the definition of a “crystal” given 

by the IUCr (Chapter 2.1.1).[152] According to this definition, a mesocrystal must be “… a 

nanostructured material with a defined long-range order on the atomic scale (in at least one 

direction), which can be inferred from the existence of an essentially sharp wide angle 

diffraction pattern (with sharp Bragg peaks) together with clear evidence that the material 

consists of individual nanoparticle building units”.[14] This definition summarizes all the 

intrinsic characteristics and provides a reference for the future utilization of the term 

mesocrystal within this work. 

The astounding properties that arise from the structure-property relationship in colloidal 

crystals and even more so in mesocrystals have been introduced briefly in the leading 
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chapters. It has been mentioned how many biominerals with a mesocrystalline superstructure 

are superior to regular minerals. The defining mechanical properties of such materials often 

lie within the hybrid structural architecture of mesocrystals. The alignment of inorganic 

apatite nanoparticles and the corresponding organic collagen component in-between 

provides the high strength of bones while simultaneously being extraordinarily tough.[117, 153] 

Similar features can be observed in coral, nacre, and eggshells.[118, 122, 154-158] Another example 

of a structure-property relationship in mesocrystals is their potential for ultra-high 

porosity.[116] The space between the individual nanocrystals which is typically occupied by 

organic stabilizer compounds, can offer extremely high surface areas if made accessible. In 

some cases, the organic compounds need to be removed. In others, they can be avoided in 

the first place.[106, 159-161] This feature renders mesocrystals a highly promising candidate for 

many catalytic or electrochemical applications.[79, 101, 162-163] Besides the mentioned structure-

property relationships, there are also collective properties that emerge from the mutual 

ordering of nanocrystals. Nature again provides a fascinating example of the instance of 

magnetotactic bacteria. The alignment of magnetite nanoparticles into chains facilitates the 

coupling of the nanoparticle’s magnetic dipoles. This equips the magnetotactic bacteria with 

an internal compass when the nanoparticle chain is aligned along the earth's magnetic field 

lines.[164] Related effects allow the formation of a macroscopic material with properties that 

are typical for nanoparticles, such as the formation of magnetic anisotropy in maghemite 

mesocrystals.[85, 165] It is obvious that nature provides many examples of mesocrystals and 

their impressive properties. These materials often supply the blueprints from which 

researchers can create tailored materials with desired features by mimicking their structure. 

Besides the versatile properties that colloidal- and mesocrystals have demonstrated, they 

also act as a model system for the investigation of crystallization processes. Although the 

crystallization of nanoparticles is generally classified as nonclassical, a lot of similarities with 

the classical model can be drawn.[17] In classical crystallization, the building units are typically 

tiny and difficult to investigate without sophisticated imaging techniques. On the flip side, the 

formation of colloidal- and mesocrystals allows for the investigation of the very building blocks 

by standard electron microscopy and X-ray diffraction methods, as Figure 2-9 illustrates. 

Recent reports on screw dislocations in iron-oxide mesocrystals or structural defects in gold 

mesocrystals highlight the similarities to classical crystals.[17, 166] The relatively large size of 

colloidal particles – when compared to atoms and molecules – further enables the in-situ 
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investigation during nonclassical crystal formation, accessible by means of analytical 

techniques that are available to many researchers.[167-170] Nevertheless, the artificial 

formation of mesocrystals is still in its early days and remains a major challenge in research. 

There are several formation mechanisms known, of which most rely on the principles of static 

self-assembly, as they will be presented in the following chapter. 

 

Figure 2-9 | TEM tomography of a screw dislocation in an iron oxide mesocrystal: SEM images of an iron oxide 
nanocube mesocrystal before (a, b) and after (c) a focused ion beam (FIB) cut preparation. FE-SEM image in (b) 
shows the investigated screw dislocation on the mesocrystal surface. A tomogram of the prepared needle (c) 
locates the defect within the bulk of the mesocrystalline structure and highlights the step on its surface. 
Reprinted from ref[17] with permission by the Author.[17] 
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2.2.5. Mesocrystal Formation and nonclassical Recrystallization 

The process in which a mesocrystal is formed from individual building units is referred to as 

mesocrystallization. The individual building units in this process are nanocrystals 

(Chapter 2.2.1), which are often stabilized through a thin organic surfactant shell. As has been 

covered in the previous chapter, colloidal crystals – and therefore mesocrystals – can emerge 

by following the principles of maximum space-filling.[14] An exception to this is the principle of 

“thinnest covering”, which allows nanocrystals to assemble with minimal overlap of their thick 

organic shell. This overlap comes at the expense of orientational ordering and therefore does 

not result in the formation of a mesocrystal. As a result, most artificial mesocrystals are 

assembled by tiling or packing, depending on the thickness of their organic shells and the 

morphology of the individual nanocrystals.[136, 150] In some cases, the nanocrystals can also 

form and align within an organic matrix that has assembled beforehand. This is mostly the 

case for mesocrystals formed in nature. Still, very little is known about the exact processes of 

mesocrystal formation due to the vast challenges that arise when monitoring the individual 

building units. The initial stages of mesocrystallization are assumed to take place within a few 

microseconds. The short timeframe makes an in-situ observation of nanometer-sized 

structures extremely challenging.[171-172] Especially when it comes to a homogeneous 

formation process, in-situ observations become even more challenging as the particle 

assemblies are highly dynamic in solution.[172-174] The growth stages bear their own challenges 

as the timescales in which mesocrystals grow can range from days to several weeks.[148] A 

more theoretical approach to understanding and explaining the physical interactions behind 

mesocrystallization is equally difficult. The go-to theory to describe the physical interaction 

between aggregating colloidal particles is the DLVO theory, named after its contributors Boris 

Derjaguin, Lev Landau, Evert Verwey, and Theodoor Overbeek. In this theory, electrostatic and 

van-der-Waals interactions are combined to deprive the total potential energy as a function 

of the distance between particles in a liquid medium.[175] The DLVO theory reaches its 

limitations for very small or anisotropic particles due to the special characteristics of 

nanocrystals (Chapter 2.2.1).[176-179] The interaction forces on which the DLVO theory is based 

on furthermore fall apart as a result of their non-additivity for nanoparticles stabilized with 

surfactants. The high complexity of collective and coupled dynamics between particles and 
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the surrounding media at multiple scales is obvious. It demonstrates the challenges that 

scientists face when it comes to the investigation and utilization of mesocrystallization.  

Despite the challenges mentioned above, scientists have managed to observe 

mesocrystallization on a number of examples closely. Out of the seven formation mechanisms 

of mesocrystals that have been identified so far, only two will be highlighted in more detail as 

they are relevant to this work.[13-14] First the alignment of nanocrystals by spatial constraints. 

Typically, the “coffee ring effect” is the most common way to achieve static self-assembly of 

nanoparticles into highly ordered superstructures.[130, 180] The name originates from the 

observations made when coffee bean particles assemble at the edge of a dried coffee ring 

stain.[180] Over the course of solvent evaporation from a stable nanoparticle dispersion, the 

available space for each particle slowly confines and ultimately forces them to aggregate. In 

addition, the particle concentration rises and increases the driving force for the formation of 

a nucleus in analogy to the classical description (Chapter 2.1.2). The evaporation rate on the 

outer perimeter of a droplet is much faster than in its center. This leads to strong capillary 

forces that push the particles within the droplet towards its edge, where the space of the 

particles gets further confined. Static self-assembly can occur in this process if the evaporation 

is slow enough so that a local equilibrium is maintained. The particles can then organize to 

acquire a reduction in free energy.[130] Mesocrystalline structures emerge if the individual 

nanocrystals are allowed to rotate and realign for orientational optimization before the 

confined space becomes too small.[14] A prominent formation mechanism based on the same 

principles of spatial constraints is the Langmuir-Blodgett technique.[181] The formation of large 

mesocrystals through the coffee ring effect has been demonstrated in the example of iron 

oxide nanocubes in numerous occasions. Large tetragonal prismatic mesocrystals emerge 

from a stable dispersion of iron oxide nanocubes at the edge of a small droplet when dried 

under a nitrogen atmosphere. Close observation through light microscopy and X-ray scattering 

experiments reveals a two-step formation process. During the first step, a low-density 

superlattice is formed with a high orientational mismatch of the nanocubes. This is followed 

by a contraction of the superlattice in which a reorientation of the nanocrystals occurs as the 

second step. Although the surface of the resulting mesocrystals can show many defects and 

disordering on its surface, the interior is always highly ordered in a mesocrystalline 

manner.[182] These observations were further confirmed in the formation of lead sulfide 

nanoparticle (PbS) based mesocrystals.[183] The second step of this formation mechanism 
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appears to be the critical stage for the development of mesocrystallinity, where the face-to-

face interaction of the nanocrystals prefers a weaker orientational mismatch. This step can be 

described as a mutual alignment of crystal faces.[14] 

The second and more important formation mechanism for this work is the mutual alignment 

of crystal faces is a key component in mesocrystallization. An alignment can only occur in 

anisotropic particles as it requires face-to-face interaction. As a result, the habit of the 

nanocrystals typically defines the structure of the mesocrystals. This creates mesocrystalline 

structures, which can be highly complex in regard to their packing principles crystal symmetry. 

Besides the coffee ring effect, the mutual alignment of crystal faces can be obtained through 

destabilization of a nanoparticle dispersion through an “anti-solvent”.[14] Most organically 

stabilized nanoparticles are stable in non-polar solvents and aggregate in polar solvents. In 

this example, the polar solvent acts as the anti-solvent as it will slowly destabilize the 

nanoparticles if it is gradually introduced into the stable particle dispersion. The slower the 

anti-solvent is introduced, the more time the individual nanocrystals have to mutually align 

their crystal faces within the equilibrium state of static self-assembly in order to acquire a 

reduction in free energy.[130] A commonly used technique to maintain a slow and steady 

introduction of anti-solvent into a particle dispersion is the gas-phase diffusion technique.[184] 

Several examples show how this formation pathway has successfully produced millimeter-

sized mesocrystals.[14, 17, 184-185] The research conducted on PbS mesocrystals also displays how 

the truncated octahedrally shaped PbS nanocrystals preferably orient face-to-face in a 

[111]SL || [110]PbS relation to the crystallographic superlattice of the mesocrystal.[185] Similar 

observations were made for mesocrystals produced from iron oxide nanocubes.[17] A 

secondary formation mechanism can also occur, analogous to the coffee ring effect. 

Nanocrystals can undergo reorientation within the mesocrystalline structure of freshly 

developed aggregates.[14] It is still up to debate if the initial stages of this mesocrystallization 

pathway occur homogeneously or heterogeneously. Research hints toward a homogenous 

formation of nanoparticle clusters, which form in solution and sink to the bottom of the 

substrate, where they grow further into large mesocrystals.[148] This is contrary to the 

observations made that the obtained mesocrystals on the substrates exhibit only specific 

facets regarding their crystallographic structure instead of a random distribution.[17] 
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An interesting and universal application of mesocrystallization that is already commonly used 

within laboratories is nonclassical recrystallization.[186] Analogous to classical recrystallization, 

which is used to purify compounds (Chapter 2.1.4), this method can be used to purify particle 

dispersions as presented in Figure 2-10. The characteristics of long-range ordering and 

preferred crystallographic orientation of particles in mesocrystallization make it a highly size- 

and shape-selective process. “Colloidal” impurities, which are different in size, shape, or 

material, will be excluded in the self-assembling process of mesocrystals. A purified particle 

solution is obtained by discarding the remaining supernatant and redispersing the 

mesocrystals. Multiple cycles of this process not only eliminate almost any contamination but 

also have the ability to reduce the size distribution of the particle batch to values as low as 

PDIc = 1.0001.[186] Nonclassical recrystallization is of great value to this work, as it is commonly 

used for the preparation of purified particle batches that form the basis for almost all 

mesocrystallization experiments. Unfortunately, the same principles that render nonclassical 

recrystallization so valuable can cause many issues when it comes to the formation of 

 

Figure 2-10 | Schematic illustration of nonclassical recrystallization: The schematic describes the typical 
pathway of the purification of a colloidal dispersion. A repeated cycle of redispersing impure colloidal aggregates 
in a solvent and subsequent recrystallization into a mesocrystal leads to the successive exclusion of colloidal 
impurities. Analogous to the classical recrystallization of atoms and molecules, nanocrystals of higher quality 
accumulate within the mesocrystal, which can be then redispersed in any solvent. Reprinted from ref[186] under 
the permission of the CC BY 3.0 license.[186]  
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multicomponent superstructures, such as binary mesocrystals as will be elaborated in the next 

chapter. 

2.3. Binary Superstructures 

Multicomponent materials have been the focus of research for many decades, as they are 

commonly used in almost all fields of the economy. The enhanced or new properties that arise 

from the combination of various materials are arguably endless. Many car parts are made of 

particulate-filled or fiber-reinforced composites that provide them with strength and flexibility 

at the same time.[187] Even more advanced composites are used in airplanes, helicopters, and 

even spacecraft. Several dental or prosthesis components in medicine are either polymer, 

metal, or cement composites.[188] From packaging to construction materials, the list is long, 

and it cannot be argued that multicomponent materials have already shaped the world we 

live in. 

It is no coincidence that the ever-rising sector of nanotechnologies persuaded industry and 

scientists to commit to the development of composite materials on the nanometer scale. 

Fueled by the recent advances in nanoparticle preparation, which allow the accurate 

formation of nanometer-scale building blocks, many researchers pursue multicomponent 

nanocrystal assemblies. However, these superstructures were usually disordered or only 

short-range-ordered before the recent advances in controlled self-assembly methods.[189-190] 

The tremendous progress that has been achieved in this field, as it is illustrated in 

Chapter 2.2.3, opened access to a wide range of new materials with properties of which many 

have yet to be discovered. These materials closely tie into the novel concept of so-called 

metamaterials. The term metamaterial describes an engineered material that exhibits 

controlled interactions (e.g. photocatalytic) of an assembly of nanocrystals that leads to 

properties that cannot be found in naturally occurring materials.[191] Like binary 

superstructures, metamaterials are usually arranged in repeating patterns of multi-

component composite materials such as plastics or metals.[192] 

The most basic version of a multicomponent material consists of only two different 

components. If the material furthermore shows a long-range ordering of the individual 

particles, the structure can be called a binary superstructure, or more commonly used in 

literature – Binary Superlattice.[193] Binary superstructures where the majority of the 



2.3 Binary Superstructures 

47 
 

individual nanocrystals are further mutually aligned with respect to their crystallographic 

orientation can be referred to as a binary mesocrystal. Both notions, binary superlattice, and 

binary mesocrystal, still lack a proper definition within the scientific community and are often 

used in a broader sense or not used at all. Therefore, this chapter is dedicated to providing a 

clarification on which basis these terms are used throughout the remainder of this work. 

 

2.3.1. Binary Superlattices 

Binary superlattices (BNSLs) are a special form of colloidal crystals that are composed of two 

different types of colloidal particles. Based on the concept of colloidal solids, as it is portrayed 

in Chapter 2.2.4, BNSLs also show sharp small-angle Bragg peaks demonstrating a high degree 

of ordering, i.e., a superlattice.[14] Arranging varying particle types into a highly ordered BNSL 

by means of self-assembling methods is known to provide an easy and inexpensive path to a 

wide variety of metamaterials.[194] A parameter that can benefit the formation of BNSLs is the 

utilization of isotropic particles. In many cases, spherical nanoparticles can be regarded as 

hard spheres, making predictions and investigations easier from a theoretical point of 

view.[195-198] Similar to colloidal crystals, it can be expected that BNSL will also follow the 

principle of maximum space-filling (Chapter 2.2.4). Indeed, theoretical calculations found that 

the spherical particle form can promote an entropy-driven formation of BNSL with an 

increased packing density, although only a few have been predicted to be thermodynamically 

stable.[199-201] Besides the packing density, there are several other factors like particle charge, 

van-der-Waals, and dipolar forces that can help stabilize a multitude of BNSL structures of 

varying stoichiometry.[202-204] Similar to mono-phase mesocrystals, the structure of BNSLs is 

heavily influenced by the stabilizer shell, which affects the effective particle shape, ligand-

ligand, and ligand-solvent interactions.[151, 205-207] Figure 2-11 highlights a few examples of such 

structural diversity that can be found in BNSLs.  Most research conducted on BNSLs so far has 

focused on particle arrays from spherical nanocrystals that stretch into two dimensions to 

form mono- or bi-layered structures.[202, 208-210] These structures are much easier to obtain 

than their three-dimensional counterparts as they can be assembled through a 

straightforward solvent evaporation technique on smooth surfaces such as silicon substrates 

on liquid-air-substrate interfaces.[202, 209, 211-213] Furthermore, the analytical tools to investigate 

thin layers of BNSLs are much more accessible as they allow for electron transmission imaging 
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techniques that generally have a much higher resolution than scanning electron techniques 

(Figure 2-11).  

Despite the advantages of isotropic particles, there has also been a notable increase in the 

reported formation of BSNLs from anisotropic nanocrystals over the last decade.[214-218] This 

development has mainly been driven by the advances made in nanocrystal formation, which 

allowed for a precise shape and size control of many different types of nanocrystals. The co-

assembly of colloidal LaF3 nanodiscs (particle A) and CdSe nanorods (particle B), for example, 

leads to the formation of AB, AB2, and AB6 type binary arrays regarding their particle ratios 

within the lattice. The ratios can be controlled as a factor of the initial size ratio of the 

nanoparticles and the concentration of particle dispersions.[216] Other researchers have shown 

a less regular but ordered assembly of iso-oriented heterogeneous platinum and BaTiO3 

nanocubes of varying sizes to form nanoscale mosaic works.[219] These are just brief examples 

 

Figure 2-11 | TEM images of BNSLs assembled from various types of spherical nanoparticles: The depicted TEM 
images show BNSLs of (a), 13.4 nm g-Fe2O3 and 5.0 nm Au; (b), 7.6 nm PbSe and 5.0 nm Au; (c), 6.2 nm PbSe and 
3.0 nm Pd; (d), 6.7 nm PbS and 3.0 nm Pd; (e), 6.2 nm PbSe and 3.0 nm Pd; (f), 5.8 nm PbSe and 3.0 nm Pd
nanoparticles. The insets contain the modeled projections of the according BNSL structures. Reprinted and 
edited from ref[202] with permission of Springer Nature under the CCC license.[202] 
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of the multitude of BNSLs that are theoretically possible by the combination of anisotropic 

nanoparticles. 

When it comes to binary superstructures that exceed the scale of a few layers into the third 

dimension – whether it be from isotropic or anisotropic building units – there is hardly any 

clear evidence to be found in literature.[220-221] It can be argued that the formation processes 

of a mesoscale colloidal crystal are generally much slower, which favors a thermodynamically 

more stable, non-binary assembly that is not solely entropy-driven by a high packing 

density.[200, 203, 222] It must also be noted that research on the formation of mesoscale 

superstructures, even for the mono-phase specimen, is still in its infancy and by no means 

thoroughly understood. Nonetheless, the available research indicates that three-dimensional 

BNSL on the mesoscale should exist if the challenges in large-scale assemblies can be 

overcome.[221, 223-225] 

Most of the reported BNSLs consist of solely isotropic nanoparticles, whereby a directional 

orientation of the particles is not considered in most cases.[221] Wide-angle X-ray diffraction 

techniques often show circular patterns indicating a colloidal crystal with randomly oriented 

particles.[194] In a few cases where the orientational ordering of the nanocrystals has been 

investigated, scientists have been careful with the interpretation of a mesocrystalline 

structure.[204, 206, 226] This illustrates the difficulties when it comes to assembling and 

characterizing multicomponent superlattices on the mesoscale for as few as two particle 

types. Therefore, binary mesocrystals have rarely or not at all been characterized as such prior 

to this work and could not be found in literature. It is, therefore, crucial to provide a brief 

guideline on how binary mesocrystals are defined within the context of this work and how 

they can be differentiated from BNSLs. 

 

2.3.2. Structural Aspects of Binary Mesocrystals 

Binary mesocrystals, just as BNSLs, can be considered colloidal solids as they consist of 

individual nanoparticle building units. In addition, they must also adhere to the criteria of a 

mesocrystal (Chapter 2.2.4) to show the existence of sharp wide-angle Bragg peaks in their 

diffraction patterns.[14] In contrast to BNSLs, binary mesocrystals are not necessarily required 

to exhibit sharp small-angle diffraction patterns and therefore only share the aspects of 

colloidal crystallinity for a Type I binary mesocrystal. In Chapter 2.3.1, it is highlighted that 
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most BNSLs discovered so far solely fulfill the criteria of sharp small-angle reflexes and 

therefore cannot be considered mesocrystalline. A necessary basis is to know how small- and 

wide-angle diffraction patterns will change in binary mesocrystals compared to mono-phase 

mesocrystals. To determine how exactly the diffraction patterns vary, the terminology of 

“binary” must be agreed upon in this context first. It is herein proposed that a binary 

superstructure does not necessarily have to be composed of two different materials. 

Individual building units that differ in size and shape by a significant margin also fulfill the 

criteria of a binary superstructure. This is especially true for superstructures assembled from 

anisotropic nanoparticles, and a classification is proposed in Figure 2-12. For illustration 

purposes, this classification is demonstrated on binary mesocrystals from anisotropic 

nanoparticles, although it can be applied to BNSLs and superstructures from isotropic particles 

to a large extent as well.  

 

The different variants of binary mesocrystals can be categorized into three types. In Type A, 

the individual building units only differ in size or shape but are composed of the same material. 

Building units in the Type B binary mesocrystals do not vary in size or shape but are composed 

of two different materials. Type C eventually combines both aspects of Type A and B and 

therefore consists of two different materials that also differ significantly in size and shape, as 

 

Figure 2-12 | Schematic classifications of binary mesocrystals: Three different types of binary mesocrystals are 
illustrated on the example of simple cubic or cuboid-shaped building units. The colors blue and white resemble 
the different materials of which the building units can be composed. Three different types of binary mesocrystals 
can form a variation of either size/shape, material composition, or both, classified in Type A, B, and C. The black 
insets provide a suggestion for potential wide- and small-angle diffraction patterns that can arise from the 
different types. They are not an accurate representation and, for illustration purposes, edited. 
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suggested in Figure 2-12. The concept of colloidal solids based on wide- and small-angle 

diffraction patterns, as discussed in Chapter 2.2.4, can be applied to determine which type of 

binary mesocrystals the structure belongs to. The wide- and small-angle diffraction patterns 

in Figure 2-12 present a suggestion on how diffraction patterns can vary between the different 

types of binary mesocrystals. Type A binary mesocrystals should show a relatively sharp wide- 

and small-angle diffraction pattern analogous to the first category of Type I mesocrystals with 

a slight variation of signal intensities in the small-angle region (Figure 2-8). Type B binary 

mesocrystals should exhibit a small-angle pattern identical to the second category of Type I 

mesocrystals with sharp wide-angle Bragg peaks for at least one particle species and a second 

set of signals (potentially rings in case of isotropic particles) at varying angles, depending on 

the composition, and ordering of the second particle type. Type C most likely will result in a 

superposition of Type A and B’s wide-angle diffraction pattern characteristics with a less sharp 

small-angle pattern due to the disturbance of differently shaped particles. Any differences in 

the diffraction patterns will only become apparent when specific factors are met that will have 

a strong effect on the diffraction, such as the stoichiometry and orientation of the particles. 

When the particle ratio is very low, the diffraction patterns will be almost identical to the 

patterns of mono-phase mesocrystals as the signals of the second particles are most likely too 

faint to be visible. An increase in particle ratio will result in additional reflexes that rise in 

intensity and emerge in the form of sharp reflexes or fainter rings (for isotropic particles). A 

potential formation of domains of the second particle type can affect the small-angle reflexes 

related to the ordering of these domains. Such signals will be of higher intensity and emerge 

in the small-angle diffraction patterns, depending on the size and orientation of the domains. 

Likewise, it needs to be taken into account if a preferred orientation for both particle types is 

found or not. Figure 2-13 briefly illustrates three different scenarios on how binary 

mesocrystals could be ordered on the example of a Type C binary mesocrystal. It goes to show 

that proper characterization of binary mesocrystals becomes much more sophisticated in 

comparison to their mono-phase counterpart. Careful consideration of all possible structures 

is therefore necessary when it comes to the interpretation of diffraction data from binary 

superstructures. 
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The research field of binary mesocrystals has been arguably untapped by the scientific 

community so far. This, however, is not necessarily due to the absence of their existence but 

rather a lack of identification.[204, 206, 227] The main problem with binary superstructures is that 

the research in this field is still in its early stages. The reported structures of BNSLs with 

potential mesocrystalline features are still mostly thin layers. They do not have the 

crystallographic features of a mesoscopic crystal concerning their size and habitus. Combined 

with the limited availability of analytical data (e.g., electron diffraction or synchrotron-based 

X-ray diffraction) that can be used to determine the mesocrystalline nature of these binary 

superstructures, the task of identifying binary mesocrystals becomes even more challenging. 

Nonetheless, a few examples of potential binary mesocrystals have been reported, as Figure 

2-14 shows. In most cases, an additional characterization would be required to unmistakably 

identify the potential binary mesocrystals.[204, 206, 228-229] 

 

Figure 2-13 | Examples of structural variations in binary mesocrystals: Schematic illustrations of three possible 
variations in particle arrangements on the example of a Type C binary mesocrystal. The second particle type is 
illustrated in white and can be incorporated in a random fashion, form domains, or alternate with the other 
particle type. The black insets show wide- and small-angle diffraction patterns that might arise in the different 
scenarios. These patterns are not meant to be an accurate representation but rather provide a suggestion to 
demonstrate the variation in signal intensities. 
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Besides their structural aspects, the potential properties that binary mesocrystals hold are 

likewise subject to speculation. In comparison to BNSLs and their mono-phase counterparts, 

however, it can be expected that binary mesocrystals will show extraordinary features. A 

combination of the directional and collective properties of highly ordered particle arrays with 

 

Figure 2-14 |  Candidates for binary mesocrystals in literature: The upper box contains images of a selected area 
wide-angle electron diffraction pattern (g) and two TEM micrographs (a and b) of a faceted BNSL formed from 
spherical PbSe and Ag nanoparticles. The images are reprinted with from ref[204]. Copyright 2006 American 
Chemical Society.[204] The lower box displays HR-TEM images of a quasicrystalline binary superlattice self-
assembled from Fe2O3/Au (a and b) and PbS/Pd (c) nanocrystals. The inset in (a) shows a selected area electron 
diffraction pattern and the inset in (c) shows the corresponding Fast-Fourier-Transformation (FFT) pattern of the 
quasicrystalline superlattice. Reprinted from ref[229] by permission from Springer Nature Customer Service Centre 
GmbH: Springer Nature, Nature, Ref [229], 2009 
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the enhancements known from multicomponent materials gives access to an even broader 

toolkit when it comes to the development of forthcoming metamaterials. 

Not much is known about the formation mechanisms of binary mesocrystals. It can only be 

assumed that they will follow similar principles as BNSLs and mono-phase mesocrystals do. 

This circumstance makes it hard to predict which types of binary mesocrystals are even 

possible, let alone how they might be obtained in the first place. It can be imagined that an 

ordered binary superstructure might be achieved by exploiting differently charged 

nanoparticles, directed interactions, or entropy-driven assembly processes similar to the 

BNSLs.[230-231] It seems further likely that random incorporation of a low ratio binary 

mesocrystal can be facilitated by means of defect building during the mesocrystal formation. 

Some of these concepts will be pursued within this work and discussed in more detail. The 

idea of a binary mesocrystal classification into three different types has solely been proposed 

within the framework of this thesis. It is unfamiliar to the broad readership of the published 

articles and will therefore be avoided in Chapter 4 and only be part of Chapter 3, 5, and 6. 
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3. Scope of the Thesis 

Disruptive technologies of the 21st century are often closely linked to the development of 

novel and innovative materials. Light-emitting diodes (LEDs), charge-coupled device sensors, 

and lithium-ion batteries are a few examples that would not be available without a thorough 

understanding of the formation of their raw materials.[232-235] Many of those substances have 

been researched within scientific laboratories several decades before their recent 

breakthrough within modern technologies. At the time of their discovery, scientists often 

could not imagine to what extent their contribution to fundamental research would shape the 

way of life decades later. It can be argued that the concepts of many nanostructured materials, 

such as metamaterials and mesocrystals, hold a similar potential.[89-90, 193, 236-237] Especially 

mesocrystals, which have already proven their value in natural occurring biominerals like bone 

and nacre, are prone to facilitate extraordinary properties.[13, 118] The blueprints presented by 

nature also show the importance of multi-component nanostructures that bear collective 

properties of at least two materials.[117, 238] Although research regarding artificially created 

mesocrystals is still in its infancy, the potential opportunities that manifest make research in 

this field worthwhile. 

 

 

Figure 3-1 | Schematic illustration of mono-phase and binary mesocrystals: A schematic description of the 
scope of this thesis. Formation of iron oxide (Fe3O4) and platinum nanocubes into separate mono-phase 
mesocrystals (left) and a co-assembly of both species into a binary mesocrystal (right). 
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The focus of this work is centered around the development of artificially created 

nanostructures – called mesocrystals – from two different materials to ultimately create a 

multicomponent, binary mesocrystal. To achieve this demanding task, a thorough 

understanding of the individual and combined self-assembly behavior of the involved 

nanomaterials is crucial. In this thesis, co-assembly will be pursued with iron oxide (IONCs) 

and platinum nanocubes (PtNCs) as the chosen elementary building units. These particles have 

been studied extensively in literature regarding their formation and self-assembly 

characteristics.[95, 136, 149, 239-240] Especially size and shape uniformity of the building units is 

essential when it comes to the formation of binary mesocrystals, as the schematic in Figure 

3-1 highlights. It is, therefore, necessary to modify and adjust the individual nanoparticle 

synthesis route to obtain nanocubes of almost identical size and shape. The reported synthetic 

strategies for both particles are also promising in that regard.[95, 239] When it comes to self-

assembly characteristics, IONCs are the most suitable candidates for mesocrystal formation 

to this date. They provide a solid foundation on which this study can be built and expand.[185] 

PtNCs have also been assembled into two- and three-dimensional superlattices prior to this 

work, making them a promising candidate for the artificial formation of mesocrystals as 

well.[239-240] Furthermore, IONC and PtNCs share chemical similarities as both are stabilized by 

oleic acid and, therefore, can be dispersed in various organic solvents. If the processes that 

led to the formation of IONC mesocrystals are universally valid, then PtNC-based mesocrystals 

should be able to be obtained by applying the same methods. Pursuing the formation of a 

mono-phase PtNC mesocrystal is the first logical step towards a binary mesocrystal. It will 

allow for a crucial understanding of the mesocrystallization behavior, which is needed for a 

later co-assembly with IONC. The recently reported technique of nonclassical recrystallization 

will further become accessible for PtNCs once a reliable mesocrystal formation is achieved.[186] 

Nonclassical recrystallization will provide an effective tool for obtaining highly monodisperse 

PtNCs needed for the experiments regarding binary mesocrystal formation. The investigations 

on PtNC mesocrystals can also be used to validify some of the previous observations on IONC 

mesocrystals, like the morphogenesis as an interplay between nanoparticle morphology and 

solvation shell.[140] Stabilizer molecules and the dispersion solvent are thus worth investigating 

as they constitute the solvation shell. In addition, alternative stabilizers and solvents will 

access a broader toolset when tackling the overarching goal of co-assembly.  
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Besides the experimental investigations, it is equally important to perform a precise analysis 

of the obtained specimen. The small size of the chosen nanocubes of roughly 10 nm demands 

a proficient operation of the most advanced analytical tools available. FE-SEM, HR-TEM, STEM, 

synchrotron-based SAXS, and WAXS methods, just to name a few, must be used to resolve and 

accurately characterize nanoparticle as well as mesocrystal structure, morphology, and 

orientation. Particularly challenging but equally important will be the differentiation, 

localization, and alignment of both particles (PtNCs and IONCs) within the binary mesocrystal 

structure. This will provide insight into how a binary mesocrystal is structured, how particles 

are incorporated, and what the resulting ratio of the multicomponent material is. 

Supplementary to the experimental and structural analysis, stands the objective of 

investigating any potential new properties that emerge. IONCs and PtNCs inhere a variety of 

valuable features for future applications. Platinum is known for its excellent catalytic and 

electrochemical properties, while iron oxide in its form of magnetite bears useful magnetic 

characteristics. These properties are further enhanced by the size-related properties in their 

nanocrystalline state, like the superparamagnetic behavior in IONC or the electrocatalytic 

activity of PtNC.[78, 241-244] For that reason, an additional investigation into the electronic 

properties of mono-phase and binary mesocrystals will be conducted as they are of high 

interest for potential applications and future research. 
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4. Results 

4.1. Records of Contribution 

The results discussed in Chapter 4.2 were published in the peer-reviewed open access journal 

“nanomaterials” by publisher MDPI. All preliminary work involved with the publication was 

performed by myself. Experimental work for the synthesis of PtNCs with various stabilizer 

molecules was conducted and supervised by me with the help of Simon Schnitzlein in the 

framework of his bachelor thesis as well as Sophie Blankenhorn, Lukas Zeiffert and Dennis 

Kläge as part of their practical training as a master student. Statistical analysis regarding 

particle size distribution was performed by me. Analytical measurements and evaluation 

regarding ATR-IR, TEM, SAED, FE-SEM and EDX techniques were conducted by me. SAXS 

measurements were performed by Elana Harbalik and Brigitte Boessenecker in the framework 

of the “Particle Analysis Center” (project Z1) of the Collaborative Research Center SFB-1214 

“Anisotropic Particles as Building Blocks” by the Deutsche Forschungsgemeinschaft. SAXS 

evaluations and plasma cleaning for sample preparation was conducted by me. Together with 

Prof. Helmut Cölfen, I wrote the manuscript for publication. All graphical presentations were 

designed, created, and edited by me. 

The findings presented in Chapter 4.3 have been published as open-access in the peer-

reviewed journal “Angewandte Chemie International Edition” in English and German language 

by the publisher Wiley-VCH GmbH. The conceptualization of this work was done by Prof. 

Helmut Cölfen and me. Preparation and development of the experiments to create mono-

phase and binary mesocrystals was performed by me. Nanoparticles and mesocrystals from 

my previous work were also used, which have been created by me with the support my 

bachelor student Simon Schnitzlein. TEM, HR-REM, SAED, SEM, FE-SEM and EDX 

measurements were carried out and evaluated by me. HR-STEM, EDX Line-Scan and HAADF 

measurements were executed and evaluated by me with the support and supervision of Dr. 

Marina Krumova. Statistical analysis regarding particle size distribution and quantitative 

particle ratios was performed by me. FFT evaluation was also conducted by me. Standard SAXS 

and WAXS measurements were performed by Elana Harbalik and Brigitte Boessenecker in the 

framework of the “Particle Analysis Center” (project Z1) of the Collaborative Research Center 
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SFB-1214 “Anisotropic Particles as Building Blocks” by the Deutsche Forschungsgemeinschaft. 

Synchrotron based SAXS and WAXS measurements were carried out by Dr. Jonathan Avaro at 

the cSAXS beamline of the Swiss Light Source (SLS) synchrotron. Detailed synchrotron SAXS 

data evaluation was performed by Dr. Jonathan Avaro, Dr. Christian Appel and me. 

Crystallographic evaluation of the mesocrystals was done by me, supported by the expertise 

of Felizitas Kirner. Supplementary Information 5 (Chapter 4.3.7.5), and sections regarding 

synchrotron SAXS measurements in the manuscript were written together with Dr. Jonathan 

Avaro, Dr. Christian Appel, and Prof. Marianne Liebi from the Paul Scherrer Institute (PSI). The 

rest of the manuscript was written by me, with the help of Prof. Helmut Cölfen and 

reviewed/corrected by Dr. Jonathan Avaro, Dr. Christian Appel, and Prof. Marianne Liebi. All 

graphical presentations within the manuscript were designed, created, and edited by me. The 

German translation of the manuscript was done by Britta Maier and me. Together with Prof. 

Helmut Cölfen, I designed and created the front cover page of the 2nd Issue of Volume 61 of 

Angewandte Chemie International Edition. 

The results presented in Chapter 4.4 were published in open-access journal “Small Science” 

by the publisher Wiley-VCH GmbH. The strategies and concepts of this work were developed 

by Prof. Helmut Cölfen and me, in cooperation with Prof. Lukas Schmidt-Mende and Stefan 

Schupp from the Department of Physics at the University of Konstanz. All preliminary 

experiments involved with the preparation of nanoparticles and mesocrystals were designed 

and conducted by me. Conductivity measurements via nanoprobing was performed and 

evaluated by Stefan Schupp and Matthias Hagner. TEM, SEM, EDX and ATR-IR measurements 

were conducted and evaluated by me. HR-TEM, HR-STEM and HAADF imaging was carried out 

and interpreted by Dr. Ni Bing and me. FE-SEM measurements were performed by Stefan 

Schupp and me. Adaptations to experiments, mesocrystal design and conductivity 

experiments were discussed and designed together with Prof. Helmut Cölfen Prof. ukas 

Schmidt-Mende and Stefan Schupp. Experiments regarding nanoparticle and 

mesocrystallization were conducted by me, whereas the experiments regarding conductivity 

measurements were performed by Stefan Schupp. A 50:50 ratio regarding experimental 

workload was pursued between Stefan Schupp and me for the collaboration. The majority of 

the manuscript was written by me in close consultation with Stefan Schupp resulting in a 

shared main authorship of this work. Prof. Helmut Cölfen and Prof. Lukas Schmidt-Mende 

were also closely involved with the concept, review and correction of the manuscript. The 
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graphical presentations were designed and created by me with the help of Stefan Schupp 

providing the charts and FE-SEM images of the conductivity measurements. 
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Nanomaterials 2021, 11(8), 2122; DOI: 10.3390/nano11082122 

 

 

Figure 4-1 | Graphical Abstract – Mesocrystals from Platinum Nanocubes: Reprinted from ref[245] under the 
permission of the CC BY 4.0 license.[245] 

4.2.1. Abstract 

Platinum nanoparticles are widely known for their numerous electrochemical and catalytic 

applications. Enhanced or novel properties that may arise when ordering such particles in a 

highly defined manner, however, are still subject to ongoing research, as superstructure 

formation on the mesoscale is still a major challenge to be overcome. In this work, we 

therefore established a reproducible method to fabricate micrometer-sized superstructures 

from platinum nanocubes. Through small-angle X-ray scattering and electron diffraction 

methods we demonstrate that the obtained superstructures have a high degree of ordering 

up to the atomic scale and, therefore, fulfill all criteria of a mesocrystal. By changing the 

solvent and stabilizer in which the platinum nanocubes were dispersed, we were able to 

control the resulting crystal habit of the mesocrystals. Aside from mesocrystal fabrication, this 

method can be further utilized to purify nanoparticle dispersions by recrystallization with 

respect to narrowing down the particle size distribution and removing contaminations. 
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4.2.2. Introduction 

The fabrication of novel nanostructured materials via nanoparticle aggregation and self-

assembly has proven to be one of the most promising superstructure formation pathways in 

the last decade.[246-251] The inherent particle-mediated nonclassical crystallization pathway of 

these processes has raised increasing scientific attention in more recent research.[12-14, 16, 112, 

142, 162, 252] Consequently, researchers have discovered that the behavior of a controlled 

aggregation and self-assembly can further be utilized to create astounding new materials with 

exciting properties.[251-256] In particular, colloidal methods have been demonstrated to enable 

access to highly ordered structures with unique functionalities.[100, 257-258] Although most 

research in this field is focused on isotropic, spherical nanoparticles which usually self-

assemble into close-packed superlattices, anisotropic nanocrystals have been shown to 

achieve even more complex superstructures.[175, 259] While controlled self-organization of 

particles on the nanoscale was discovered in the 1960s, a clear and systematic description of 

such assemblies is often not provided.[260-261] In 2005, Cölfen and Antonietti therefore 

proposed a definition of colloidal crystals, which form from nonspherical crystalline building 

units in the form of oriented superstructures with common outer faces, and termed them 

mesocrystals.[142] Due to the compelling new properties of these materials, the scientific 

interest in mesocrystals has since increased rapidly.[12-14, 16, 112, 162, 165] Furthermore, 

mesocrystals can serve as a model system when it comes to the investigation of nonclassical 

crystallization processes as a result of their particle-based nature.[12, 14, 63-64] 

Based on the given IUCr definition of a “crystal”, the term “mesocrystal” itself was further 

specified in 2016 when Cölfen and Sturm have proposed a more distinct definition for a 

mesocrystal to be “a nanostructured material with a defined long-range order on the atomic 

scale (in at least one direction), which can be inferred from the existence of an essentially 

sharp wide angle diffraction pattern (with sharp Bragg peaks) together with clear evidence 

that the material consists of individual nanoparticle building unis”.[14] More recent work 

highlights the controlled self-assembly of oleic acid (OLA) stabilized iron oxide nanocubes into 

highly ordered arrays with lateral dimensions on the micrometer scale.[95] The detailed 

investigation of this process, which was carried out by Brunner et al. and Bergström et al., 

yielded findings that are crucial for understanding the packing arrangement and orientational 
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ordering of cubic magnetite nanoparticles in two- and three-dimensional superlattices.[85, 136, 

174, 262] 

By utilizing the gas-phase diffusion technique, it is possible to synthesize up to millimeter-

sized, highly crystalline mesocrystals from relatively uniform nanoparticle solutions. 

Therefore, it is worth investigating whether the observed assembly behavior can be 

transferred onto other materials and particles. Nanometer-sized platinum particles can be 

widely used in many applications today due to their unique catalytic and electrochemical 

properties.[241-242] With the rise of metamaterials, the desire for methods in order to obtain 

highly ordered platinum nanostructures is very compelling and therefore the first logical step 

towards a variety of new platinum-based materials with high surfaces and defined 

structures.[175] Having control over nanocrystal shape is a key factor when it comes to 

mesocrystal formation.[12] Hence, recent advancements in platinum nanoparticle synthesis 

gave access to anisotropic platinum nanocubes and various assembly strategies.[219, 239-240] 

However, the role of different solvents or stabilizers on the formed superstructures has not 

yet been evaluated. 

In this work, we therefore utilize the gas-phase diffusion technique to self-assemble platinum 

nanocubes into large, micrometer-sized mesocrystalline superstructures and explore their 

structures and the effect of solvent and stabilizer variation. The distinct crystal habit and the 

extensive amount of mesocrystals, which can be obtained from this method, allow us to 

observe crystallographic features from their habitus without the use of sophisticated 

synchrotron-based diffraction techniques. This further enables a controlled mesocrystal 

formation for either particle recrystallization or metamaterial fabrication without the residual 

dispersion contamination of solvent evaporation. 

 

4.2.3. Results 

Platinum nanocubes were synthesized according to the literature in order to obtain particles 

with an average size of 10.7 ± 1.0 nm.[239] The reported synthesis yields a stable particle 

dispersion of primary cubic nanocrystals that are similar in size, shape and aspect ratio (Figure 

4-2a-c). Particles are in situ stabilized by OLA and show a high tendency towards self-

organization into two-dimensional monolayers upon solvent evaporation on the TEM sample 

holder. Selected area electron diffraction (SAED) analysis further displays a long-range order 
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on the atomic scale, confirming the mesocrystalline nature of these assemblies. Besides 

particle size and shape, it has been observed that the stabilizer swelling, as well as the used 

solvents, might play a crucial role when it comes to particle self-organization.[17] To investigate 

if these observations are prevalent in other materials as well, we used platinum nanoparticles 

and modified the reported synthesis route in order to obtain various batches of platinum 

nanocubes coated with different stabilizers. Therefore, we chose to make use of a variety of 

fatty acids such as LOA and LLA as the primary stabilizer due to their chemical similarities to 

OLA. Unlike the common pathway of ligand exchange, the new stabilizers can be introduced 

through substitution of OLA in the particle synthesis route due to their chemical similarities. 

The obtained particle dispersions have a similar shape and size distribution and also show 

specific IR absorption for carbonyl vibration modes at 1645 and 1710 cm-1, which is exclusive 

to the used fatty acids, illustrating their important role in particle stabilization (Supporting 

Information, Figure 4-7) which has already been discussed by Zhang et al.[239] All three particle 

types can be successfully transferred to various organic solvents (tetrahydrofuran, toluene or 

hexane) to obtain a variety of particle dispersions that stay stabilized over multiple weeks 

when stored under exclusion of light. Analogous to what has been observed for OLA-stabilized 

platinum nanocubes, we also investigated the self-assembly behavior of all three types of 

particles. We again found a high tendency towards self-assembly into 2D mesocrystalline films 

upon solvent evaporation on the TEM grid (Figure 4-2c-e). The high degree of particle ordering 

can be seen in the provided TEM images, which has been verified by fast Fourier 

transformation (FFT). It can be observed that the 2D self-assembly behavior for various 

platinum nanocube batches is very similar, regardless of whether OLA, LOA or LLA has been 

used as the stabilizer. It is most common to observe large arrangements of particles in a 

primitive cubic packing; however, in some cases, they show a slight tendency towards a more 

hexagonal ordering. Mesocrystallinity of the obtained 2D assemblies has been further 

approved via SAED for all samples, as shown in Figure 4-2c-e inset. The SAED patterns clearly 

show a preferred particle orientation down to the atomic scale along their crystallographic 

directions, which are in correlation to the observed particle ordering. The spatial freedom of 

each particle – which is provided by the stabilizer shell around it – results in arcs instead of 

single reflexes, which can be observed in the diffraction patterns as a result of the slight 

particle tilting within the lattice. 
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A much more extensive particle ordering can be achieved by slow and controlled solvent 

evaporation on a silicon wafer substrate, as shown in Figure 4-3 on the example of particle 

dispersion in toluene stabilized with LOA. 

This strong tendency towards self-assembly can also be observed when assembling particles 

via the so-called gas-phase diffusion technique. Due to the very slow diffusion of an 

antisolvent into the solvent of a stable particle dispersion, large crystals gradually form over 

time. Such crystals, which formed from a stable hexane particle dispersion of 1.7 mg/mL of 

 

Figure 4-2 | (a,b) The particle size and aspect ratio distribution of a batch of OLA-stabilized platinum nanocubes 
imaged by TEM (c) with an average size of 10.67 ± 0.98 nm. The upper inset shows an electron diffraction pattern 
that indicates a preferential orientation of the nanocubes on the atomic level, while the FFT (lower inset) 
indicates a slight ordering of the particles. TEM images (d,e) with their corresponding ED and FFT analysis further 
confirm these findings for LOA (d) and LLA (e) stabilized platinum nanocubes as well. 

 

Figure 4-3 | (a) Field emission scanning electron microscope (FE-SEM) image of self-assembled platinum 
nanocube monolayers. At higher magnification (b), single particles can be resolved, revealing typical 
crystallographic defects such as vacancies and dislocations. The inset shows the FFT pattern of image (b). 
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OLA-stabilized platinum nanocubes and ethanol as the selected antisolvent, are displayed in 

Figure 4-4a. The shown superstructures emerge over the course of 14 days preferably on the 

polished silicon wafer substrate within the solution but can also occur on other surfaces within 

the particle solution, such as the glass vial for example (Supporting Information, Figure 4-8). 

EDX measurements were performed to confirm platinum and carbon as the predominant 

elements within the observed superstructures. These measurements were complemented by 

fragmentation and subsequent transfer of the crystals onto a TEM grid to conduct SAED 

through the thinned corner of the superstructures (Supporting Information, Figure 4-9). 

In Figure 4-4b, the diffracted electron reflexes of such crystal fragments show a preferred 

crystallographic direction along which most particles within the superstructure orient 

themselves. This demonstrates a long-range order of atoms throughout the whole particle 

assembly, which is a key criterion for mesocrystals. In combination with the analysis obtained 

from small-angle X-ray scattering (SAXS) measurements, we can further prove that we were 

able to obtain platinum-nanocube-based mesocrystals. Evaluation of the SAXS data displays 

 

Figure 4-4 | (a) FE-SEM images of various mesocrystals obtained from OLA-stabilized platinum nanocubes in 
hexane using the gas-phase diffusion technique with ethanol as the antisolvent. SAXS measurements Electron 
diffraction results (b) reveal a preferred crystallographic direction in which the individual particles orient. 
Together with SAXS measurements (c) of multiple mesocrystals, which show a high degree of particle ordering, 
it is evident that these superstructures are mesocrystalline. (d). The ordering on the surface appears to be 
hexagonal in at least one direction, which is confirmed by the FFT shown in the inset and in good agreement with 
previous findings by Li et al.[240] 
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an average particle periodicity of 10.8 ± 3.2 nm over a multitude of scanned mesocrystals, 

which is in good accordance with the particle size of our samples (Supporting 

Information, Figure 4-10). Due to the small size of the mesocrystals, it is not possible to 

investigate the exact crystallographic structure with the available beam size of a standard X-

ray source. Nevertheless, the majority of the mesocrystals show a trigonal habitus with a size 

of roughly 10-20 µm. In addition, the apparent hexagonal particle ordering on the mesocrystal 

surface (Figure 4-4d) strongly suggests an underlying hexagonal crystal system. These 

observations are in good agreement with the obtuse rhombohedral superlattice structure, 

which has been found by Li et al. for platinum nanocube self-assemblies formed from solvent 

evaporation.[240] This suggests that both assembly pathways follow a similar nonclassical 

crystallization process yet their assembling strategies are quite different. However, extensive 

analytical effort in form of synchrotron-based wide- and small-angle diffraction would be 

needed in order to clarify if they exhibit exactly the same crystallographic structure. 

As mentioned before, the gas-phase diffusion process of ethanol into hexane to form the 

mesocrystals is a very slow process, which is why mesocrystal formation takes place over the 

course of several weeks. By reducing the time scale at which mesocrystals form, we want to 

investigate a faster formation route and explore how this will impact the mesocrystal 

morphology to learn more about the formation of these crystals. The key advantage of the 

gas-phase diffusion technique is that mesocrystals can be obtained from various organic 

solvents as long as the nanoparticle dispersions are stable in the chosen solvent. When 

choosing a slightly more polar substance as the primary solvent, a smaller amount of 

antisolvent is needed in order to destabilize the particle dispersion, which can reduce 

mesocrystal formation time from 14+ days (hexane) down to 24 h (tetrahydrofuran). Thus, we 

investigated mesocrystal formation of platinum nanoparticles from three different solvents: 

hexane, toluene and tetrahydrofuran. In addition, we also examined crystal formation from 

particles stabilized with three different fatty acids: OLA, LOA and LLA. In all nine cases, we 

managed to obtain micrometer-sized mesocrystals of larger quantities. Table 1 gives an 

overview of crystallization times and the resulting shape of the obtained crystals. 
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Table 1 | Crystallization times for mesocrystals from platinum nanocubes in various dispersion solvents and their 
resulting predominant crystal shape. 

Dispersion Solvent Crystallization Time Predominant Crystal Shape 

tetrahydrofuran 1 day polycrystalline 

toluene 7-14 days trigonal truncated pyramid 

hexane 14-28 days rhombohedral 

 

Observations across multiple sample batches reveal that platinum mesocrystals grown from 

particle dispersions in either hexane or toluene emerge into highly defined crystals with 

smooth surfaces and distinct habitus, whereas mesocrystals from THF feature less determined 

structures (Figure 4-5). A more detailed investigation suggests that crystals grown from 

hexane primarily result in rhombohedral-shaped crystals, which is again further evidence 

related to the hexagonal packing of the particles observed earlier. This is in further agreement 

with the results of a similar system, reported in the literature.[240] Mesocrystals obtained from 

toluene, on the other hand, predominantly exhibit a trigonal truncated pyramid habitus. The 

reason for this can be seen in the different swelling of the stabilizer layer on the crystal surface, 

which changes the external shape of the nanoparticle and thus the packing possibilities. The 

mesocrystal formation in THF, however, results primarily in undefined crystals with a 

significant amount of observable defects. These defects are most prevalent in form of crystal 

twinning and grain boundaries, as seen in Figure 4-5 and Supporting Information, Figure 4-11. 

Platinum nanocube mesocrystals crystallized from THF can therefore be considered as mostly 

polycrystalline in the sense that they exhibit multiple mesocrystalline domains. We assume 

that this is a result of the accelerated destabilization of the particle dispersion via the gas-

phase diffusion when using THF. In addition to the high-resolution SEM imaging of the 

mesocrystal surface, it is indicated that the hexagonally packed platinum nanoparticle planes 

stack in a face-centered cubic manner when observed at these grain boundaries. However, 

advanced synchrotron-based SAXS and WAXS analytics would be needed to exactly clarify the 

mesocrystalline structure of such small crystals, as stated earlier.[240] It is noteworthy to 

mention that various other crystals with a different shape can also be found in each sample; 

however, the majority of the crystals were identified as the above stated. While the chosen 

solvent appears to have a substantial impact on the mesocrystal formation process as 

discussed, we also managed to utilize a variety of different nanoparticle stabilizers while 
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maintaining micrometer-scale mesocrystal formation. It could be shown that it is possible to 

obtain mesocrystals from all three stabilizers (OLA, LOA and LLA) in all three solvents (hexane, 

toluene and tetrahydrofuran). Although all three stabilizers are very similar regarding their 

chemical composition, they exhibit essential physical differences such as solubility or melting 

temperature. The latter is a very important feature when it comes to future investigation on 

the role of temperature during mesocrystal formation. The much lower melting point of LLA 

(−11 °C) in comparison to OLA (+16 °C), for example, enables a much broader temperature 

range at which nonclassical crystallization can be conducted and examined. 

 

Figure 4-5 | A library of representative mesocrystals obtained from platinum nanocubes stabilized by three 
different fatty acids (OLA, LOA and LLA) in three different organic solvents (tetrahydrofuran, toluene and 
hexane). Mesocrystal shape appears to be influenced mainly by the solvent rather than the stabilizer, as 
mesocrystals crystallized from hexane exhibit a hexagonal shape, mesocrystals from toluene exhibit a truncated 
trigonal pyramidal shape and mesocrystals from THF exhibit an undefined polycrystalline shape. 
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So far, we were able to demonstrate the feasibility of the gas-phase diffusion technique to 

synthesize platinum-nanocube-based mesocrystals analogous to iron oxide nanocubes. In a 

complementary study, our group further reported on the utilization of this method for 

recrystallization of a stable particle dispersion to narrow down its size distribution.[186] Similar 

to recrystallization, as it is commonly used in organic and inorganic preparative chemistry, a 

batch of crude nanoparticles can slowly crystallize from solution as described above. 

Subsequent to the removal of the supernatant solution, the remaining crystals can be 

redispersed in compatible organic solvents to obtain a recrystallized particle sample. We 

therefore investigated the applicability of this method for the herein described platinum-

nanocube-based mesocrystals. Figure 4-6a shows examples of crude and a recrystallized 

samples of LOA-stabilized platinum nanocube particle dispersion in tetrahydrofuran. After one 

recrystallization cycle of 24 h, the polydispersity of the particle solution decreased notably 

(Figure 4-6b), which is indicated by a 19% reduction in the full width at half maximum (FWHM) 

of the Gaussian fit from 2.16 to 1.76 nm. Additionally, the evaluation of the aspect ratios of 

the recrystallized particles indicates the removal of the cuboid and rod-shaped particles, 

which can be seen in the provided TEM images and the measured aspect ratios illustrated in 

Figure 4-6c. 

 

Figure 4-6 | (a) TEM image of a crude batch of platinum nanocubes with the corresponding particle size 
distribution; (b) TEM image and corresponding particle size distribution of the same batch as shown in (a) after 
recrystallization from THF within 24 h; (c) comparison of particle aspect ratio distributions of both samples: crude 
(a) and recrystallized (b). 
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4.2.4. Conclusions 

The strong tendency towards self-assembly of fatty-acid-stabilized platinum nanocubes was 

utilized in this work to establish a gas-phase diffusion synthesis route to assemble platinum 

nanocubes into highly ordered superstructures. These superstructures in form of micrometer-

sized crystals were subsequently identified as mesocrystals by the means of SEM, SAXS and 

ED due to their long-range particle ordering on the atomic scale. By controlling various 

parameters such as particle concentration, diffusing agent, solvent type and crystallization 

time, we were able to find the conditions under which the nonclassical crystallization process 

reproducibly yields large quantities of platinum-nanocube-based mesocrystals. We also 

highlighted how this technique allows the fabrication of platinum mesocrystals from either 

different organic solvents or variable stabilizers in the form of three different fatty acids. 

Furthermore, we verified our previous observations that this method can be used to purify a 

platinum particle dispersion by narrowing down the particle size distribution through 

recrystallization from mesocrystals. In addition, the observed crystallinity and crystal habits of 

the platinum-nanocube-based mesocrystals appear to be driven by the properties of the used 

particles and the solvent they are dispersed in. Although we were able to determine the 

conditions under which the platinum mesocrystals form, there are still several factors that 

play a major role in mesocrystal formation and are yet to be understood. Among them are 

nanoparticle shape, stabilizer swelling and the solvation shell in different solvents, which can 

have a significant consequence on the packing and morphology of the mesocrystal.[17] Our 

results outline that these factors are relevant for platinum-nanocube-based mesocrystals. By 

demonstrating the ability to obtain comparable mesocrystals from building blocks stabilized 

through various surfactants, we provide a practical toolkit that can be used for a broad 

investigation of fundamental nonclassical crystallization processes at different temperatures. 
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4.2.6. Materials and Methods 

4.2.6.1. Chemicals 

Tungsten hexacarbonyl (99%) and platinum (II) acetylacetonate (98%) were purchased from 

abcr. Linoleic acid (LOA) (99%), toluene (99.8+%) and oleylamine with a C-18 content of 80–

90% were provided by Acros Organics (Geel, Belgium). Linolenic acid (LLA) (70%) is a TCI 

product (Tokyo, Japan). Oleic acid (99%) was received from Alpha Aesar (Kandel, Germany). 

Tetrahydrofuran (100%), hexane (98%) and ethanol (99.8+%) were purchased from VWR and 

Roth (Fontenay-sous-Bois, France). All chemicals were used without further purification. 

4.2.6.2. Platinum Nanocubes 

Platinum nanocubes with various fatty acids as stabilizers have been synthesized according 

to a slightly modified procedure, which has already been reported in the literature.[239] A 

mixture of 40 mg platinum(II)-acetylacetonate and 3.56 g of fatty acid in 16 mL of oleylamine 

was placed in a two-neck Schlenk flask equipped with a condenser and attached to a Schlenk 

line. The mixture was heated to 120 °C under nitrogen atmosphere and vigorous stirring. After 

adding 100 mg of tungsten hexacarbonyl, the solution temperature was raised to 240 °C over 

the course of 45 min and kept at this temperature for a further 45 min under continuous 

stirring before cooling to room temperature again. The crude product was then separated by 

centrifugation at 9000 rpm for 15 min and subsequently washed with anhydrous hexane for 

three cycles. The final product in the form of a black oily solid was redispersed in hexane, 

toluene or tetrahydrofuran and stored under light exclusion. 

4.2.6.3. 2D Self-Assemblies 

Two-dimensional self-assemblies were fabricated via the solvent evaporation technique.[136] 

To a stable particle dispersion of diluted platinum nanocubes in tetrahydrofuran, toluene or 

hexane (0.5 mg/mL) the appropriate stabilizing fatty acid was added to obtain a concentration 

of 3 µL/mL. The substrate was placed penetrating the solvent/air interface and the solvent 

slowly evaporated in order to obtain self-assembled monolayers. 
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4.2.6.4. Mesocrystal Formation 

Mesocrystals were synthesized by utilizing the gas-phase diffusion technique. Into a 1 mL flat 

bottom glass, 300 μL of a prepared particle solution containing 3 μL/mL fatty acid (99% pure) 

and a cleaned 5 × 7 mm silicon wafer snippet was added. The silicon snippet had been cleaned 

by gradual ultrasonification in ethanol, isopropanol, acetone, ethylacetate, toluene and 

toluene p.a. for 10-15 min each. The prepared 1 mL flat-bottom glass was then placed into a 

5 mL screw cap vial containing 1.5 mL of an ethanol/solvent (50:50) mixture. The vial was then 

stored in a desiccator containing an ethanol-rich atmosphere for several days. The silicon 

snippet was carefully removed when mesocrystal formation was completed, dipped in ethanol 

and dried in air. 

4.2.6.5. Analytics 

Transmission electron microscopy (TEM) analysis was performed on a ZEISS LIBRA120 

instrument (Carl Zeiss AG, Oberkochen, Germany) using 200 mesh carbon-coated copper grids 

and a 120 kV acceleration voltage. FE-SEM imaging was carried out on a Carl Zeiss CrossBeam 

1540XB Microscope (Carl Zeiss AG, Oberkochen, Germany) equipped with a BSE detector using 

acceleration voltages of up to 10 kV. Samples were plasma cleaned for 60 s using a MiniFlecto 

from Plasma technologies (Herrenberg-Gülstein, Germany) for better imaging. To perform 

energy-dispersive X-ray (EDX) measurements, the microscope was equipped with an INCA X-

Sight 7427 10 mm2 from Oxford Instruments (Abingdon, UK). SAXS measurements were 

conducted using a SAXS Nano Star device from Bruker (Billerica, MA, USA) equipped with a 

Vantec 500 detector. 
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4.2.7. Supporting Information 

 

Figure 4-7 | IR Absorption Spectra of Fatty Acid Stabilized Platinum Nanocubes: ATR-IR spectra of platinum 
nanocubes stabilized by OLA, LOA and LLA in comparison to reference spectra of pure OLA, LOA and LLA as well 
as Oleylamine which is also used for particle synthesis. Shown are the typical wavenumbers for carbonyl vibration 
modes. Shifted carbonyl modes are due to the binding on the platinum particle surfaces. 

 

Figure 4-8 | Platinum Mesocrystals on Quartz Surfaces: OLA stabilized Pt Nanocube mesocrystals formed on a 
quartz glass surface (left image) shown in FE-SEM image (right image). The formation of multiple micrometer 
sized superstructures on the quartz glass surface can be observed in in this and all the other samples. 
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Figure 4-9 | Elemental Analysis of Platinum Mesocrystals: Upper images show point EDX analysis (a) of the OLA 
stabilized platinum nanocube based mesocrystal imaged by SEM (b). Image (c) illustrates the integrated radial 
intensity of the diffraction signals of the SAED in Figure 4-4b with the corresponding platinum [hkl] references of 
the fragmented platinum mesocrystal piece shown in TEM image (d) 
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Figure 4-10 | Small Angle X-Ray Scattering of Platinum Mesocrystals: SAXS analysis of a multitude of OLA 
stabilized platinum nanocube mesocrystals formed from hexane. Three main signals have been identified and 
corrected via a Guassian peak fit to determine the peak center and its width. The main signal at 10.8 ± 3.2 nm is 
in good accordance with the determined particle size (10.8 ± 3.2 nm) of the used particles. Signals at 6.1 ± 0.9 nm 
and 4.3 ± 0.5 nm most likely correspond to diffraction signals of higher miller indices which cannot be properly 
determined without the use of synchrotron based SAXS from various angles. 

 

 

Figure 4-11 | Polycrystalline Platinum Mesocrystals: FE-SEM images of polycrystalline LOA stabilized platinum 
nanocube based mesocrystals crystallized from THF over the course of 24 hours. On the left image, a mesocrystal 
with various twinning defects is shown. The right image highlights the polycrystalline character of the 
mesocrystal, showing various mesocrystalline domains in the crystal which are oriented in a different direction, 
revealing a cubic stacking of the hexagonally ordered planes of particle arrays. 
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4.3. Publication 2: 3D Binary Mesocrystals from Anisotropic 

Nanoparticles 

Christian Jenewein, Jonathan Avaro, Christian Appel, Marianne Liebi, and Helmut Cölfen* 

Angew. Chem. Int. Ed. 2022, 61, e202112461; DOI: 10.1002/anie.202112461 

 

Cover Picture, Angewandte Chemie International Edition 2/2022: Binary mesocrystals demonstrate the 
combination of nanocrystals from different materials within a highly ordered manner. While nanocubes appear 
to be simple in their geometry, they can arrange in various ways into a complex entity that not only directs its 
habitus but also its properties. In their Research Article (e202112461), Helmut Cölfen et al. report on the 
formation and structural analysis of micrometer-sized two- and three-dimensional binary particle assemblies, 
revealing their mesocrystalline nature and highlighting their importance within the growing field of 
metamaterials. Reprinted with permission from ref[263] Copyright Wiley-VCH GmbH.[263] 
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Figure 4-12 | Graphical Abstract – 3D Binary Mesocrystals from Anisotropic Nanoparticles: The self-assembly 
of anisotropic nanoparticles into large superstructures is a key component in the research of novel 
metamaterials. While the formation of mono-phase mesocrystals has been achieved in recent years, the self-
assembly of binary structures from such particles remained highly challenging. A simple method enables the 
formation of binary mesocrystals from anisotropic iron oxide and platinum nanocubes in two and three 
dimensions. Reprinted from ref[264] under the permission of the CC BY 4.0 license.[264] 

4.3.1. Abstract 

Binary mesocrystals offer the combination of nano-crystal properties in an ordered 

superstructure. Here, we demonstrate the simultaneous self-assembly of platinum and iron 

oxide nanocubes into micrometer-sized 3D mesocrystals using the gas-phase diffusion 

technique. By the addition of minor amounts of a secondary particle type tailored to nearly 

identical size, shape and surface chemistry, we were able to promote a random incorporation 

of foreign particles into a self-assembling host lattice. The random distribution of the binary 

particle types on the surface and within its bulk has been visualized using advanced 

transmission and scanning electron microscopy techniques. The 20-40 mm sized binary 

mesocrystals have been further characterized through wide and small angle scattering 

techniques to reveal a long-range ordering on the atomic scale throughout the crystal while 

showing clear evidence that the material consists of individual building blocks. Through careful 

adjustments of the crystallization parameters, we could further obtain a reverse 

superstructure, where incorporated particles and host lattice switch roles. 
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4.3.2. Introduction 

Nanoparticle self-assembly is one of the most promising aspects when it comes to the 

generation of novel nanostructured materials.[151, 247, 250-251, 265-268] As a result, researchers 

have found that utilizing controlled self-assembly can lead to astounding new materials with 

exciting properties and unique functionalities.[87, 269-270] This is not only restricted to isotropic 

spherical nanoparticles, which usually self-assemble into close-packed superlattices, but is 

especially true for anisotropic nanocrystals, which have shown to achieve even more complex 

superstructures and directional properties.[137, 175, 271] Controlled self-organization on the 

nanoscale has already been observed many years ago within the internal structure of BaSO4 

or rod-like particles of CeIV minerals.[260-261] However, a clear and systematical description was 

not established until 2005 when mesocrystals were described as a new type of colloidal 

crystals, which formed from non-spherical crystalline building units as oriented 

superstructures with common outer faces.[142] Since then, the interest in mesocrystals has 

increased rapidly, not only due to their fascinating new characteristics combining the 

properties of nanocrystals with those of larger assemblies such as superparamagnetic 

behavior for particle sizes exceeding the range for superparamagnetism,[243] but also based on 

their characteristic to serve as a model system for nonclassical crystallization behavior.[12, 14, 

63, 184] In addition, mesocrystals received a lot of recognition due to their presence in various 

biological materials like nacre or sea urchin spines.[118, 121, 158] Based on the given IUCr 

definition for crystals, a more distinct definition for a mesocrystal was later proposed to be 

“a nanostructured material with a defined long-range order on the atomic scale (in at least 

one direction), which can be inferred from the existence of an essentially sharp wide angle 

diffraction pattern (with sharp Bragg peaks) together with clear evidence that the material 

consists of individual nanoparticle building units”.[14] In more recent work the controlled self-

assembly of oleic-acid-stabilized iron oxide nanocubes into highly ordered arrays with lateral 

dimensions on the micrometer scale has been conducted[95] and the structure formation 

process was studied.[174, 262] This system was investigated in more detail to contribute 

knowledge crucial for the understanding of packing arrangement and orientational order of 

cubic iron oxide nanoparticles in two- and three-dimensional superlattices.[85, 136] These 

findings are not exclusive to iron oxide nanoparticles, as a similar behavior could be further 

demonstrated on the example of platinum nanocubes.[240, 245] When it comes to the growth of 
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multicomponent superlattices however, the assembly process is far more sophisticated due 

to the distinct pairwise interactions alongside the space-filling rules that often drive self-

assembly and potential particle fusion in the first place.[210, 272-273] So-called binary nanocrystal 

superlattices (BNSLs) have been investigated intensively in recent years, as the resulting 

metamaterials promise to show exciting new properties because of their structure-dependent 

collective properties and self-organization.[206, 211-213] Especially, anisotropic nanoparticle 

assemblies have been of great interest due to their shape-dependent properties provided by 

an additional degree of freedom.[218-219, 227, 252] Research, however, has also laid out that the 

formation of BNSLs beyond layered membranes still remains a major issue until today. To the 

best of our knowledge, no work was reported on binary 3D mesocrystals despite their 

promising potential. Herein, we report the self-assembly of iron oxide (Fe3O4) nanocubes 

(IONC) as well as platinum nanocubes (PtNC) into large mesocrystalline superstructures to 

demonstrate for the first time the formation of binary 3D mesocrystals containing both 

particle types. 

 

4.3.3. Results and Discussion 

IONCs were synthesized using a two-step process, first synthesizing an iron oleate precursor 

to subsequently form ca. 12 nm sized, monodisperse cubes stabilized by oleic acid in various 

organic solvents, such as toluene, hexane or tetrahydrofurane (Materials and Methods, 

Chapter 4.3.6). The resulting particles were then recrystallized in order to obtain a stable 

11.9 ± 0.8 nm IONC particle dispersion with a much narrower size distribution by utilizing the 

gas-phase diffusion method to form large mesocrystals on a silicon substrate prior to 

redispersing them in the preferred solvent (Supplementary Information 1, Chapter 4.3.7.1). 

This method has already been reported for cubic iron oxide as well as platinum 

nanoparticles.[186, 264] A recrystallized particle sample is shown in Figure 4-13a. In order to gain 

insight into the specific mesocrystal structure of our samples with regards to applicable 

characteristics, which can be exploited for a binary mesocrystal formation, further in-depth 

experiments were conducted. Recrystallized IONCs have been assembled from hexane into 

tetragonal-shaped 10-30 μm sized mesocrystals by using the gas-phase diffusion technique 

(Figure 4-13b) and subsequently broken apart with a micromanipulator to reveal their inner 

bulk structure. Field-Emission Scanning Electron Microscopy (FE-SEM) imaging at very high 
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resolutions displayed that our IONC particles preferably self-assemble into stacked layers of 

hexagonally ordered particles (Figure 4-13b-d). Fast Fourier Transformation (FFT) of the 

particle arrays (Figure 4-13d, insert) displays a c2mm symmetry due to the slight distortion of 

the hexagonal ordering as a result of the “bump-to-hollow” packing principle of IONCs.[136] 

These findings suggest a tetragonal crystal system, which is in good agreement with their 

mesocrystal habit as seen in Figure 4-13b. 

 

Figure 4-13 | TEM image of Fe3O4 nanocubes (IONC) (a) and the size distribution of the nanoparticle dispersion 
(b) with an average size of 11.9 ± 0.8 nm and a FWHM of 1.5 ± 0.1 nm evaluated by software with the 
corresponding Gauss fit in red. FE-SEM images show micrometer-sized IONC-based mesocrystals with distinct 
tetragonal habit (b) as well as their bulk (c) and surface (d) ordering of the nanoparticles. FFT analysis of the 
mesocrystal surface (insert, scale bar 0.2 nm−1) reveals a tetragonal particle ordering. Magnification of the point 
defects displays the incorporation of “misfit” particles within the otherwise perfect superlattice. Figure (e) 
illustrates the concept of a random platinum nanocube (PtNC, gray) incorporation into a mesocrystalline IONC 
(blue) host lattice. 
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In addition, the FE-SEM images reveal interesting features of the inherent defects within the 

mesocrystalline superlattice as illustrated in Figure 4-13d. The most common imperfections 

of these mesocrystals are point defects, which often incorporate differently sized or shaped 

particles into the vacancy of the predominant particle lattice. Although mesocrystals show 

similarities when compared to a classical atomic crystal in many ways, one key difference can 

be found in their inherent building block uniformity. Whereas atoms always exhibit the exact 

same size and shape, nanoparticle dispersions in contrast possess a wide range of these 

attributes, no matter how narrow their size distribution is. We suppose that small amounts of 

“misfit” particles are implemented during crystal growth as a result of defect formation due 

to the slight polydispersity of the parent particle dispersion. These findings further suggest 

that the formation of our mesocrystals is not exclusively limited to particles of perfect size and 

shape in contrast to the formation of atomic crystals. They further imply a strong correlation 

between the composition of the parent particle dispersion and their resulting mesocrystalline 

structure. We conclude that the incorporation of particles of different material (such as 

platinum) into a host system of highly ordered nanocube arrays may be accessible by 

exploiting this behavior. However, it is still very important to utilize nanoparticles of a similar 

size and shape in order to promote the probability of foreign particle incorporation within the 

host lattice as the illustration of a binary superlattice in Figure 4-13e implies. To test our 

assumptions, we synthesized PtNCs using oleic acid as stabilizing agent to retrieve stable 

particle dispersions in various organic solvents, particularly in toluene and hexane with a 

similar size and shape (Materials and Methods, Chapter 4.3.6). Based on the obtained particle 

size of the PtNCs, the previously described two-step synthesis of IONCs had to be tuned to 

achieve a complementary particle size by increasing the heating ramp rate and reducing the 

duration at reflux temperature as further annotated in the Supplementary Information 1 

(Chapter 4.3.7.1). 

The so tailored nanocubes of platinum (11.5 ± 1.1 nm) and iron oxide (11.9 ± 0.8 nm), 

likewise stabilized by oleic acid in hexane, differ less than 0.5 nm in their size average 

according to a software-based particle analysis (Figure 4-13a) and were therefore utilized to 

conduct all further investigations into the binary self-assemblies. First, the fabrication of 2D 

binary monolayers was conducted by self-assembling a stable particle dispersion of an IONC 

and PtNC mixture with a 20 to 1 (IONC to PtNC) mass ratio over the course of 60 minutes via 

the solvent evaporation technique. A strong excess of IONCs was chosen to facilitate the 
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incorporation of PtNCs within the IONP host lattice. In order to keep the evaporation speed at 

a low rate, the solvent was evaporated in a partially saturated atmosphere of hexane. The 

resulting arrays of the binary particle mixture were characterized by Transmission Electron 

Microscopy (TEM) techniques as shown in Figure 4-14. 

Figure 4-14a indicates an even distribution of PtNCs within IONC arrays roughly matching the 

initial mixing ratio of 20 to 1 (IONC to PtNC) as revealed by statistical analysis that determined 

a PtNC content of 4.35% (Supplementary Information 3, Chapter 4.3.7.3). The high atomic 

number of platinum atoms leads to a stronger contrast in the TEM images revealing the 

positions of the PtNCs within the assembly. Evaluation of the observable lattice planes of each 

particle in High-Resolution TEM images consolidate this presumption (Supplementary 

 

Figure 4-14 | (a) shows a TEM image of a 2D binary self-assembly of a PtNC/IONC particle mixture from hexane 
with the corresponding FFT (insert) indicating a hexagonal particle ordering of c2mm symmetry. HR-TEM and 
HAADF analysis (b) show the random incorporation of PtNC into the IONC lattice. Complementary SAED (c) 
displays a preferred particle orientation on the atomic scale. An EDX line scan (d) of the binary particle assembly 
further confirms that the high contrast particles are PtNCs. 
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Information 2, Chapter 4.3.7.2). To confirm this, we conducted High-Resolution Scanning 

Transmission Electron Microscopy (HR-STEM) to map the particle arrays with a High Annular 

Dark-Field Detector (HAADF), which detects the incoherently scattered electrons from the 

atomic nuclei and is therefore highly sensitive to the variations in the nuclear charge number 

of our material. Figure 4-14b shows such a map, where the PtNCs can clearly be distinguished 

from the IONCs. Additionally, an Energy Dispersive X-Ray (EDX) line scan along such a binary 

particle array was performed as shown in Figure 4-14b,d to confirm our observation. In 

general, the PtNCs were found to be randomly distributed inside the host lattice, replacing 

single IONCs at their positions. Although somewhat distorted, the hexagonal particle ordering 

of the IONC assemblies can still be observed regularly within the examined particle assembly 

domains in contrast to the more cubic ordering which is usually preferred by the PtNCs (Figure 

4-14a, insert). The overall structure, however, appears to be only slightly less ordered when 

compared with pure IONC assemblies. These findings affirm our presumptions that the 

prepared particle mixtures can self-assemble into highly ordered binary arrays while retaining 

the superstructure provided by the host lattice of the abundant particle type. By utilizing 

Selected Area Electron Diffraction (SAED) it can further be observed that the particles 

assemble in a mesocrystalline manner as a preferred particle orientation on the atomic scale 

is indicated by the electron diffraction pattern in Figure 4-14c. 

We further found that the aforementioned discoveries can be applied to obtain three-

dimensional self-assemblies from the same IONC/PtNC particle mixtures (20:1 mass ratio) by 

utilizing the gas-phase diffusion technique. The superlattice based on the structure of IONC-

based mesocrystals was once more chosen to provide the host network in which PtNCs are 

randomly incorporated by replacing IONCs on their positions during the mesocrystal 

formation. Analogous to our findings in the two-dimensional binary particle arrays we used 

mixtures with a particle ratio of approximately 10 to 1 (IONC to PtNC) in regards to IONC 

surplus. 

Extensive and highly ordered superstructures with distinct crystal shapes formed from 

hexane over the course of 7 days as shown in Figure 4-15a. The obtained mesocrystals are 20–

40 μm in size and emerge with a distinct crystal shape, accompanied with a multitude of 

crystal twinning on their outer perimeter (Figure 4-15a,c). To confirm the binary composition 

of the superstructures, we conducted EDX scans in order to determine their elemental 

composition. A significant amount of platinum within the scanned crystals was found as shown 
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in Figure 4-15b. The observable geometry of the crystals further suggests that the general 

structure of the host lattice remains mostly unchanged by the incorporation of foreign 

platinum nanocubes in comparison to the previously observed crystal habit of analogous 

mesocrystals from pure IONC dispersions in Figure 4-13b. The predominant increase in crystal 

twinning, however, proposes a higher rate of defect formation during crystal growth as they 

are mostly absent within the pure IONC-based superstructures. We assume that this is most 

likely a result of the incorporation of platinum particles into the iron oxide superlattice. While 

high-resolution FE-SEM imaging illustrates the hexagonal ordering of the nanoparticle arrays 

it also implies the indicated platinum nanoparticle incorporation.  

 

Figure 4-15 | FE-SEM images of IONC/PtNC binary superstructures from hexane (a, c, e) at different 
magnifications. Image (a) shows the distinct crystal shape of the obtained superstructures. Complementary EDX 
analysis (b) of a binary crystal (c) reveals a significant amount of Pt incorporated within a predominantly Fe-
based superstructure. High-resolution FE-SEM images of the superstructure surfaces show the comparison of a 
pure IONC mesocrystal (d) with a binary superstructure (e). High-contrast particles indicate the presence of 
randomly incorporated PtNCs into a IONC superlattice. 
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As shown in Figure 4-15e, randomly distributed particles with a significant difference in 

contrast in-between neighboring particles can be seen. This finding cannot be observed for 

pure mesocrystal surfaces as the comparison of a IONC-based mesocrystal surface in Figure 

4-15d shows. As materials with a high atomic number exhibit a much stronger contrast in FE-

SEM imaging, the presence of randomly incorporated PtNCs within highly ordered IONC arrays 

is highly suggested. In regard to the performed EDX analysis in Figure 4-15b we further 

conclude that the PtNCs are likewise not only a surface anomaly but rather reflect the actual 

bulk composition of the crystals given the penetration depth of a 10 keV electron beam of 

several hundred nanometers. 

A more detailed investigation of the bulk structure, however, proves to be challenging as 

Focused Ion Beam (FIB) cutting techniques have to be disregarded due to the high energies 

introduced at the cutting plane resulting in a significant altering of the nanoparticle shape and 

ordering. We therefore utilized micromanipulators in order to fracture the crystals, which 

allows additional FE-SEM imaging of their inner structure. In good agreement with the 

observations on the crystal surface, high-contrast particles as well as a high amount of defects 

within the particle lattice bulk can be observed in Figure 4-16. Both EDX and FE-SEM analytical 

methods were furthermore used to perform a statistical analysis of the PtNC content within 

the IONC host lattice (Supplementary Information 3, Chapter 4.3.7.3). PtNC particle detection 

on the broken crystal interface gives a 0.61% PtNC ratio, which is in good agreement with a 

quantitative EDX evaluation showing a 0.68 ± 0.04% PtNC/IONC ratio. In comparison to the 

4.35% PtNC content for 2D binary assemblies, it can be stated that the incorporation of 

particles occurs at a much lower rate for 3D binary self-assemblies through the gas-phase 

diffusion technique than it does for 2D binary monolayers through solvent evaporation. A 

detailed FFT of the FE-SEM imaged superlattice in Figure 4-16a confirms the already observed 

hexagonal packing of the binary nanocube mixture in one plane whereas the ordering of the 

bulk (Figure 4-16b) further displays a cubic stacking of the planes analogous to a pure IONC-

based mesocrystal as shown in Figure 4-13c. This suggests that the incorporation of PtNCs 

does not significantly affect the particle arrangement of the IONCs as its structure is almost 

identical. 

Characterization of the superlattice packing remains very challenging and can be difficult to 

be conducted without the help of a focused X-ray beam within the size range of the crystal 

size. Therefore, synchrotron-based SAXS measurements of a single binary mesocrystal were 
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performed at the Swiss Light Source cSAXS beamline at the Paul Scherrer Institute with a 

micro-focused monochromatic synchrotron-based X-ray beam of 27 × 16 μm revealing the 

particle ordering of the binary crystals in unprecedented detail. Two strong sharp signals at 

0.0825 nm−1 and 0.0894 nm−1 are in good accordance with the estimated particle size of 

11.5 ± 1.1 nm. Further reflexes at 0.1339 nm−1 and 0.1476 nm−1 paired with the symmetry of 

the diffraction pattern as shown in Figure 4-16e suggest a body-centered tetragonal (BCT) 

packing of the particles. The provided SAXS pattern is in good agreement with a [111] zone 

axis for a unit cell with the determined parameters of a = b = 34.24 nm, c = 29.24 nm and an 

I4/mmm space group as displayed in Supplementary Information 4 (Chapter 4.3.7.4). 

Resolution of the exact crystallographic structure however would require further verification 

by additional synchrotron SAXS measurements at various angles. These results approve the 

observed crystalline structure as previously indicated by FE-SEM imaging and show the 

presence of an average inter-particles gap value over all directions of the hexagonal packing 

of ca. 2.5 nm via the single analysis of 2D segmented scattering pattern (Supplementary 

Information 5, Chapter 4.3.7.5). 

Figure 4-16 | High-resolution FE-SEM and TEM images of a broken crystal piece revealing the binary 
superstructure's inner surface (a) and its bulk (b) indicating a hexagonal particle ordering further confirmed by a 
FFT (insert a). The TEM imaging performed alongside the edge of the broken binary crystal (b) illustrates the 
incorporation of high-contrast PtNCs within the bulk of the IONC superlattice (indicated by arrows). SAED 
performed on the thin edge (d) further reveals the atomic ordering of the Fe3O4 lattices as viewed from a [130] 
zone axis, which is confirmed by the simulated diffraction pattern shown in (c) proving the mesocrystal nature 
of the binary superstructures. Synchrotron-based SAXS analytics performed on a single binary superlattice crystal 
(e) shows a distinct packing structure indicated by the symmetry of the shown reflexes. Shape and position of 
the signals further allow the determination of particle distances (12.1 nm and 11.1 nm) and gaps (2.5 nm) as 
discussed in more detail in the Supplementary Information 5 (Chapter 4.3.7.5). Scale bar in (a) insert is 0.1 nm−1

and bars in (c) and (d) are 5 nm−1. 
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The previously described fragmentation of the crystals also enabled TEM imaging alongside 

the edges of broken crystal pieces, displaying the presence of high-contrast platinum particles 

embedded within an IONC matrix. Complementary SAED measurements also show a preferred 

direction of the wide-angle diffracted electrons in form of high intensity arcs (Figure 4-16d), 

which are directly correlated to the orientation of the particles. Given the crystallographic 

parameters of a Fe3O4 magnetite unit cell, the [131] zone axis is correlated to the highest 

intensity reflexes in the SAED (Supplementary Information 4, Chapter 4.3.7.4). This shows that 

the nanoparticles not only arrange within a highly ordered superlattice, they also orient 

themselves along their crystallographic planes. The combination of both measurements 

proves that our superstructures are a nanostructured material which consists of individual 

nanoparticles with a defined long-range order on the atomic scale in at least one direction. 

Based on these results, we further specified the observed binary superlattices to be binary 

mesocrystals rather than colloidal crystals that do not necessarily have the unique feature of 

a long-range particle orientation based on their atomic lattice planes. In addition, we 

investigated the orientation of the incorporated PtNC with this method as illustrated in Figure 

4-17. Based on HR-TEM images of a binary PtNC/IONC monolayer (Figure 4-17a) it is evident 

that both particle types orient themselves face-to-face alongside the same crystallographic 

reference frame. This is highlighted by a combined FFT over multiple particles in Figure 4-17c 

which shows an alignment of lattice parameters for the equivalent miller indices with only 

minor deviations as a result of slight particle misalignment, which is the primary reason for 

the diffraction arcs mentioned earlier. Identical observations could be conducted alongside 

the broken crystal edges for 3D binary mesocrystals from the same particle mixtures. Although 

the HR-TEM images give a mixed FFT pattern due to the stacking of multiple particles, a clear 

localization of high-contrast platinum particles is furthermore possible as demonstrated in 

Figure 4-17d-f. Distinct platinum signals corresponding to the [220] lattice plane visible by the 

means of FFT, in correlation to the Fe3O4 signals, allow a determination of the particle 

orientation within a crystallographic reference frame regardless of a provided zone axis as 

illustrated in Figure 4-17f. In combination with SAED analysis (Figure 4-17g,h) we were 

therefore able to identify the orientation of the PtNCs within the IONC host lattice to be 

parallel to each other as they share the same crystallographic reference frame. 
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Figure 4-17 | High-resolution TEM images of binary self-assemblies and their corresponding evaluated FFT 
patterns. Image (a) displays a mesocrystalline PtNC/IONC binary monolayer. The high-contrast (darker) particles 
can be identified as PtNCs by the means of selected area FFT for each particle as shown in the corresponding FFT 
map in image (b) and Supplementary Information 2 (Chapter 4.3.7.2). Evaluation of the FFT patterns allows the 
determination of the [001] zone axis as well as the individual particle orientation as illustrated by the combined 
FFT in image (c) underlining a face-to-face orientation of PtNC to IONC as already indicated by the HR-TEM image 
in (a). Images (d) and (e) show a similar identification for a 3D PtNC/IONC binary mesocrystal alongside a thin 
broken crystal piece as illustrated earlier. Although a clear zone axis cannot be determined and stacked particles 
give a mixed selected area FFT (e) for the high-contrast particles, it is still evident for PtNC due to the 
characteristic [220] lattice parameters which are referenced in illustration (f) for the combined FFT. Because of 
the angles between the observable FFT signals in (f) and the reflex pattern obtained by a SAED (g and h) it can 
be stated that the orientation of PtNCs and IONCs within the mesocrystals is parallel as they share the same 
crystallographic coordinates. In all FFT and ED images Pt reflexes are indicated in white, Fe3O4 reflexes are 
indicated in blue and the scale bar is 5 nm−1. 
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Complementary to the formation of IONC-based mesocrystals, which served as the primary 

host lattice for the binary mesocrystals in this work, we reported on the formation of pure 

PtNC-based mesocrystals. It was therefore standing to reason to investigate the possibility of 

the formation of a “reverse” binary mesocrystal by incorporating IONCs into a PtNC host 

lattice. The experiments were conducted using the same particles and solvents but inverted 

particle concentration ratios. We found that the formation of PtNC host lattice binary particle 

assemblies cannot be obtained at the higher concentration levels at which the IONC host 

lattice binary mesocrystals were formed. The concentration of the particle mixture had to be 

significantly reduced by a factor of 5, to avoid mono-phase formation of pure IONC- and pure 

PtNC-based mesocrystals separately. We hypothesize here that the reason behind the 

impossibility to form reverse binary mesocrystals at high particle concentrations lies in the 

formation kinetic discrepancy between PtNC and IONC as reported in our preceding 

research.[186, 245] While the formation of a PtNC host lattice takes 10-14 days in hexane, the 

development of IONC-based mesocrystals usually occurs in less than 7 days. This results in the 

consumption of the majority of the IONCs before the PtNC host lattice can form. We assume 

that a reduced particle concentration prevents the IONCs from reaching a critical particle 

concentration (CPC) during the gas-phase diffusion process within the set crystallization 

period of 14 days, which would otherwise trigger IONC cluster formation and ultimately result 

in a mono-phase mesocrystal formation.[184-185] 

Nevertheless, the self-assembly of a less concentrated binary particle mixture resulted in the 

formation of 3-5 μm sized, uniform superlattices, which are much smaller in size than the 

compared IONP host lattice binary mesocrystals. As previous research has shown that the 

obtained mesocrystal size is directly connected to the concentration of the parent particle 

dispersion,[185] our results confirm that such assumption is also valid for the formation of 

binary mesocrystals.[17] Besides the smaller size of the crystals, FE-SEM images shown in Figure 

4-18a,c display an increase in IONC incorporation when compared to the respective PtNC 

incorporation of an IONC host lattice binary mesocrystal. Complementary EDX analysis 

confirms the observed prevalence of IONC within the PtNC superlattice as demonstrated in 

Figure 4-18b. The difference between the IONCs and the PtNCs is once again indicated by the 

brightness of the particles, as the darker (less contrast), slightly larger IONCs are embedded 

into the cubic ordering of the PtNC host lattice as illustrated in Figure 4-18c. The cubic ordering  
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of the particles further reinforces our assumption that the PtNCs provide a host network of 

particles in which the IONCs are incorporated. It is worth noting that the IONCs preferably 

form small clusters of several particles, which are evenly spread inside the superlattice but do 

not develop into larger domains. 

 

 

Figure 4-18 | FE-SEM images (a,c) and the corresponding EDX point analysis (b) of an inverted PtNC/IONC binary 
superlattice where PtNCs provide the host lattice of the superstructure. The EDX spectrum in (b) is taken from 
the region highlighted in blue (a) and shows a predominant amount of Pt within the crystal, accompanied with a 
Fe peak indicating the successful incorporation of IONCs. High-resolution SEM of the superstructure surface in 
(c) further displays a binary composition of the superlattice with a random incorporation of low-contrast (darker) 
particle clusters, presumably IONCs, which are indicated by arrows and highlighted at higher magnification 
colored in blue within the provided insert. 



4 Results 

94 
 

4.3.4. Conclusion 

We were able to define the optimal particle size, shape, concentration and stabilizer for a 

predominant host lattice mesocrystal structure to incorporate tailored particles of another 

material. Ultimately, the formation of highly ordered binary mesocrystals from anisotropic 

nanoparticles in two or three dimensions depending on the synthesis method – solvent 

evaporation and slow gas-phase diffusion, respectively – could be demonstrated.  

Furthermore, our observations reveal the importance of individual particle concentrations 

as a critical role in the development of a binary mesocrystal. We herein propose the concept 

of a critical particle concentration (CPC) as the driving force towards individual mono-phase 

mesocrystal formation at different crystallization times. It appears thus essential that the 

concentration of the particle type under-going incorporation into a host lattice must not 

exceed its CPC otherwise it will lead to a mono-phase mesocrystal formation considerably 

earlier than by the host lattice particles hindering the formation of a binary superstructure.  

While our extended experiments clearly demonstrate the feasibility of the formation of an 

inverse binary superlattice, they also illustrate that a variety of factors may play a crucial role 

in their formation as indicated by the presence of particle clusters and the overall mesocrystal 

habit. As a result, multiple open questions remain, such as the influence of the particle mixing 

ratio on the binary mesocrystal structure, the transition regime between tetragonal and cubic 

packing and the possibility to obtain binary and even ternary mesocrystals just to name a few. 

These topics need to be addressed in future work, but it is already clear that 3D binary 

mesocrystals open up a completely new range of possible complex multicomponent 

superstructures with new features, packing orders as well as physical and chemical properties 

that are yet to be discovered. 
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4.3.6. Materials and Methods 

4.3.6.1. Chemicals 

Iron(III) chloride hexahydrate from Sigma-Aldrich, magnesium sulfate hydrate (>99%) from 

Carl Roth and sodium oleate (>97%) from TCI were used for the iron oxide nanocube synthesis. 

Tungsten hexacarbonyl (99%) and platinum(II) acetylacetonate (98%) for the platinum 

nanocube synthesis were purchased from abcr. Linoleic acid (99 %), toluene (99,8+%) and 

oleylamine with a C-18 content of 80-90% were provided by Acros Organics. Oleic acid (99%) 

was received from Alpha Aesar. Tetrahydrofuran (100%), hexane (98%) and ethanol (99,8+%) 

were purchased by VWR and Roth respectively. All chemicals were used without further 

purification. 

4.3.6.2. Iron (III) Oleate Precursor Synthesis 

Into a 100 ml two-neck Schlenk flask was added Iron (III) chloride hexahydrate 

(1.35 g, 5 mmol) and sodium oleate (4.58 g, 15 mmol) under nitrogen atmosphere, then 

degassed and subsequently dissolved in a mixture of ethanol (10 mL), hexane (18 mL), and 

MilliQ water (8 mL). The mixture was then frozen in a liquid nitrogen bath in order to Freeze-

Pump-Thaw it for one cycle. The reaction mixture was then heated to 80°C while stirring and 

refluxed for four hours. The resulting organic phase was washed with MilliQ water (3 x 50 mL) 

and dried over Mg(SO4)2 to remove water residues. Afterwards, rotary evaporation at 

50 °C / 330 mbar was used to remove organic solvents, leaving a dark brown oil as crude 

product which is stored at 4 °C until further use. 
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4.3.6.3. Iron Oxide Nanocubes Synthesis 

The heating-up method was utilized to form iron oxide nanocubes from the Iron (III) Oleate 

Precursor. The previously prepared iron (III) oleate (4.54 g, 5 mmol), as well as sodium oleate 

(218 mg, 0.72 mmol) and 99% pure oleic acid (227 µL, 0.72 mmol) were solved in 1-octadecene 

(25 mL) within a three-neck flask and dried under vacuum at 60 °C for 30 min while stirring to 

remove remaining water. The reaction mixture was then heated to reflux temperature using 

a heating ramp of 3.3 °C/min and stirred for further 30min at this temperature before cooling 

back to room temperature. The resulting black liquid was transferred into falcon tubes and 

purified via centrifugation for several times with double the amount ethanol at first (1500 rpm 

for 15 min, two times) and then with a mixture of ethanol to toluene decreasing each washing 

cycle (4:1, 3:1, 2:1) for three times at 9000 rpm (15 min). In addition, larger agglomerates can 

be filtered after dispersing the highly viscous black product in various organic solvents such as 

THF, toluene or hexane. 

4.3.6.4. Platinum Nanocubes Synthesis 

Platinum nanocubes have been synthesized according to a slightly modified procedure, 

which has already been reported by Zhang et al.[239] A mixture of 40 mg platinum(II) 

acetylacetonate and 3.56 g of oleic acid in 16 ml of oleylamine was placed in a two-neck 

Schlenk flask equipped with a condenser and attached to a Schlenk line. While vigorous 

stirring, the mixture was heated to 120 °C under Nitrogen atmosphere. After the addition of 

100 mg of tungsten hexacarbonyl, the solution was raised to 240 °C over the course of 45 

minutes. At this temperature, the solution was continuously stirred for further 45 minutes 

under weak Nitrogen flow before cooling to room temperature. The crude product was 

separated by centrifugation at 9000 rpm for 20 minutes and washed with anhydrous hexane 

before precipitating with ethanol in three cycles. A black and oily solid was obtained as the 

final product and dispersed in either hexane, toluene or tetrahydrofuran and stored under 

light exclusion until further use 

4.3.6.5. Mesocrystal Formation via Gas-Phase Diffusion 

Into a 1 ml flat bottom glass, 300 µL of a prepared particle dispersion containing 3 µl/ml oleic 

acid (99%) and a cleaned 5x7 mm double side polished silicon wafer snippet were added. The 

silicon snippet was cleaned by gradual ultrasonification in ethanol, iso-propanol, acetone, 



4.3 Publication 2: 3D Binary Mesocrystals from Anisotropic Nanoparticles 

97 
 

ethylacetate, toluene and toluene p.a. for 10-15min each. The prepared 1 ml flat bottom glass 

was then placed into a 5 ml screw cap vial containing 1.5 ml of an ethanol/dispersion solvent 

(50:50) mixture. The vial was then stored in a desiccator containing an ethanol rich 

atmosphere for several days, depending on the dispersion solvent (THF: 1-2 days, Toluene: 

7-14 days, Hexane: 14+ days). After crystallization, the silicon snippet was carefully removed, 

immersed into pure ethanol for five seconds and dried on air. Particle dispersion mixtures for 

binary self-assemblies were used at the following concentrations:  

•  IONC host lattice PtNC/IONC binary mesocrystals – 100 µL of a 1 mg/mL PtNC 

dispersion in hexane and 200 µL of a 10 mg/ml IONC dispersion in hexane. 

• PtNC host lattice IONC/PtNC binary superlattices – 275 µL of a 1 mg/mL PtNC 

dispersion in hexane and 25 µL of a 10 mg/ml IONC dispersion in hexane. 

4.3.6.6. Self-Assembly formation via Solvent Evaporation 

A 15 µL drop of a stable particle dispersion mixture containing 3 µL/ml additional oleic acid 

(99%) was carefully placed on a substrate and slowly evaporated within a partially saturated 

atmosphere of the dispersion solvent within a desiccator. After evaporation, the residual oleic 

acid can be removed by plasma cleaning for 2 minutes prior to FE-SEM analysis. 

4.3.6.7. Analytical Instruments 

Transmission Electron Microscopy (TEM) analysis was performed on a ZEIS LIBRA120 

instrument using 200 mesh carbon coated copper grids equipped with a 120 kV Lanthanum 

hexaboride emitter and a Koehler illumination system. High resolution TEM imaging was 

conducted on a JEOL JEM-2200FS equipped with ZrO/W(100) Schottky field emission gun 

(operated at 200 kV), an in-column Omega-type filter as well as a STEM Bright Field (BF) and 

High-Angle Annular Dark-Field (HAADF) detector. FE-SEM imaging was carried out on a Carl 

Zeiss Gemini 500 Microscope equipped with multiple detectors for secondary and 

backscattered electrons using acceleration voltages of up to 10 kV. Samples were plasma 

cleaned for 60-120 seconds using a MiniFlecto from Plasma technologies for better imaging. 

To perform Energy Dispersive X-Ray (EDX) measurements, the microscope is also equipped 

with an EDX Ultim Max 100 Silicon Drift Detector from Oxford Instruments. PXRD 

measurements were conducted using a Bruker D8-Discover device equipped with a Vantec 

500 detector. 
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4.3.7. Supporting Information 

4.3.7.1. Supplementary Information 1: IONC and PtNC recrystallization 

Iron oxide nanocubes (IONCs) were synthesized according to the two-step synthesis 

described in the Materials and Methods (Chapter 4.3.6) section to obtain 13.3 ± 1.1 nm sized 

particles as shown in Figure 4-19a. Particle size evaluation has been performed by detecting 

the minimum diameter of detected particles within the TEM images via the OLYMPUS iTEM 

software and statistical analysis with Origin 2018. The average particle size was determined 

via a Gaussian fit as indicated by the red lines in Figure 4-19. 

In order to lower the average particle sizes from 13 to 12 nm, the heating rate during the 

synthesis of the particles has been increased to 3.5 °C/min and the duration at reflux 

temperature before cooling has been shortened to 20 minutes. The resulting particles are 

shown in Figure 4-19b and have an average size of 11.9 ± 1.0 nm. Recrystallization of the 

particle dispersions via the gas-phase diffusion technique allowed to further purify the 

particles by narrowing their size distribution and removing larger agglomerates. This 

purification process is illustrated in Figure 4-19c,d, as the obtained mesocrystals from each 

sample have a much smoother surface. The reduced size distribution is also indicated by the 

comparison of the Gaussian FWHM of both samples (before and after recrystallization) in 

Figure 4-19b,e. The average size of the recrystallized IONCs which were used for all further 

experiments was determined to be 11.9 ± 0.8 nm with a median aspect ratio 

(diameter max/diameter min) of 1.2 ± 0.1 via software-based evaluation of the TEM images. 
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4.3.7.2. Supplementary Information 2: HR-TEM analysis of PtNCs 

High-Resolution TEM images at 1,000,000 times magnification (Figure 4-20) reveal the 

atomic periodicity of individual nanoparticles, allowing the exact verification of the material 

due to their characteristic lattice plane distances. For pure platinum crystals the distances of 

the atomic planes have been determined to be 1.37 Å and 1.96 Å via Gatan Digital Micrograph 

Software which corresponds to the reported lattice planes of Pt[202] = 1.383 Å and 

Pt[200] = 1.956 Å according to the COD Entry_96-901-3418. 

For binary particle mixtures, this method can be used in combination with FFT of the particles 

to quickly determine if the investigated particle is a PtNC or a IONC due to their characteristic 

atomic planes as shown in Figure 4-20c,d. 

 

Figure 4-19 | TEM Images and their corresponding size distribution of iron oxide nanocubes determined by a 
particle detection software (Olympus iTEM) and their corresponding Gaussian fit in red (a, b and e). Comparison 
between (a) and (b) shows the particle size before (13.3 ± 1.1 nm) and after (11.9 ± 1.0 nm) changing the reaction 
parameters. Com-parison between b and e illustrates the particle size distribution change after recrystallization 
(FWHM: 1.7 ± 0.1 nm to 1.5 ± 0.1 nm). (a) and (b) displays FE-SEM images of IONC mesocrystals formed from (a) 
crude (c) and recrystal-lized (d) particle dispersion. 
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4.3.7.3. Supplementary Information 3: Statistical Analysis of Pt-/IONC ratio 

Software assisted (Olympus iTEM) particle detection allowed for a statistical analysis of 

binary PtNC and IONC self-assemblies to determine the ratio at which PtNCs are incorporated 

into a IONC host lattices. Both assemblies were prepared from 100 µL of a 1 mg/mL PtNC 

dispersion in hexane and 200 µL of a 10 mg/ml IONC dispersion in hexane resulting in a 1:20 

wet mass ratio. The binary monolayers were prepared on a TEM grid (Figure 4-21b,c) and four 

large assemblies were counted by software to a total of 5669 particles of which particles below 

30 nm² and above 200 nm²are excluded as they do not represent nanocubes participating in 

the self-assemblies leaving 5560 detected particles. According to HR-TEM images in 

 

Figure 4-20 | HR-TEM images of a pure PtNC (a and b) and a binary particle mixture of PtNC and IONC (c and d). 
(b) illustrates the Gatan Digital Micrograph supported evaluation of the particle lattice planes via a pixel 
brightness line profile. In image (c) and (d), the periodicity of each particle has been determined by FFT to 
distinguish between PtNC and IONC. 
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Supplementary Information 2 (Chapter 4.3.7.2) we concluded that particles below an average 

brightness threshold above 200 (per software value) are platinum in the vast majority of the 

cases due to their significantly higher electron absorption of heavy and dense metals. The 

software determined 242 particles within the assemblies which inhere this low brightness and 

are therefore counted as PtNC. Figure 4-21a shows a detailed size distribution of the detected 

particles, where PtNCs are notably smaller within the assemblies when compared to the 

detected IONCs. This evaluation therefore gives a 4.35% ratio of PtNC within the solvent 

evaporation prepared 2D binary self-assemblies. 

A similar statistical analysis has been performed on the inner surface of a broken 3D binary 

mesocrystal. Here, the brightness threshold for PtNC could not be crosschecked by the means 

of HR-TEM FFT analysis, however the significant brightness difference of the particles allowed 

for a reliable detection of these particles for RGB values above 100 based on the color profile 

of the image as shown in Figure 4-21g. To reference the detected PtNC to the total amount of 

particles within the image, we measured the average particle distance on the investigated 

surface to be 9.1 nm through a brightness profile as illustrated in Figure 4-21e and SI3f. 235 

 

Figure 4-21 | Chart (a) shows the combined size distribution of IONCs and PtNCs by particle area [nm²] over 5560 
software de-tected particles (Olympus iTEM) within four TEM images from which two examples are shown in (b) 
and (c). The in-set in (a) displays a more detailed distribution of the PtNC. FE-SEM image (d) of a 3d binary 
PtNC/IONC mesocrys-tal illustrates how EDX analysis was performed to obtain elemental analysis of the 
mesocrystal (inset). The FE-SEM images (e) and (g) were performed on a broken inner surface of such a binary 
mesocrystal and used for determina-tion of particle distances (e and f) as well as software assisted (Olympus 
iTEM) detection of high contrast platinum particles (g). 
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detected PtNCs are therefore referenced to a total of 38774 particles, giving a 0.61% 

PtNC/IONC ratio for the inner mesocrystal surface. As the accuracy of this method can vary 

significantly based on the quality of the FE-SEM image, we verified our results by performing 

EDX analysis on three different crystals to determine the amount of various elements within 

the crystal. With an acceleration voltage of 10k eV the penetration depth of the electron beam 

will be several micro meters and therefore give a quite accurate representation of the 

mesocrystals bulk composition rather than its surface. Figure 4-21d shows an example of such 

a measurement with the obtained ωt% for the detected elements. The low amount of Si 

signals detected further assures that the electron beam does not penetrate the whole 

mesocrystal. Platinum was detected with a 2.44 ωt% in this example and has to be accounted 

for its higher density before it is referenced to Fe3O4. Evaluation of all three measurements 

gives a median ratio of 0.68% with a small error of ± 0.04%, which is in good agreement with 

the 0.61% ratio for the software assisted particle detection method and further assures the 

feasibility of our results. However, it has to be stated that several presumptions, such as a 

unified particle size and equal distribution within the crystals, have to be made for the 

calculations with this method. Although the obtained values for the PtNC/IONC ratio with this 

method are therefore not highly accurate, they still give a good estimate on the amount of 

PtNCs that have been incorporated within the IONC mesocrystal host lattice. 

4.3.7.4. Supplementary Information 4: Crystallographic evaluation of the binary 

mesocrystals SAXS pattern 

The evaluation of the obtained SAXS pattern of our PtNC/IONC binary mesocrystals from the 

synchrotron measurements at the cSAXS beamline at the Paul Scherrer Institute suggests a 

tetragonal symmetry of the particle ordering. In combination with the radial integrated 

scattering curves a base centred tetragonal (BCT) packing of the particles was presumed. This 

presumption is backed by previous finding in our group which describe a tetragonal packing 

behaviour of self-assembled IONC due to the “bump-to-hollow” effect.[136] In combination 

with the determined predominant particle distances of 12.12 nm and 11.12 nm, the cell 

parameters can be calculated to be a = b = 34.24 nm and c = 29.24 nm for a unit cell suitable 

for a I4/mmm space group. The so constructed unit cell was simulated by using the CrystTBox 

software.[274] in order to find a corresponding zone axis which reflects the received 

synchrotron SAXS pattern and verifies our assumptions of a BCT unit cell. We found, that the 
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theoretical scattering pattern for a [111] zone axis matches perfectly for the constructed unit 

cell and describes the majority of the measured reflexes as illustrated by the overlay in Figure 

4-22d. 

 

4.3.7.5. Supplementary Information 5: Analysis of Pt/Fe Mesocystals via SAXS 

Experimental apparatus 

Scanning SAXS was performed at the cSAXS beamline at the Paul Scherrer Institute with a 

synchrotron-based x-ray beam focused to 27 x 16 µm and monochromatized by a fixed-exit 

double Si(111) monochromators at an energy of 11.2 keV. 2D scattering signal was recorded 

on a Pilatus 2M detector placed at 2.1928 m from the measured sample calibrated from 

scattering pattern of silver behenate.[275] The transmitted beam intensity was measured with 

a photodiode placed on the surface of a beamstop inside the steel flight tube under vacuum 

conditions. A dispersion of the mesocrystals on kapton tape was done prior to the beamtime 

and measured in scanning mode with an exposure time of 0.8 seconds per points with a step 

size of 20 µm x 20 µm. Integration of 2D scattering images and radiation damage check was 

performed following the azimuthal segment procedure using the cSAXS Matlab analysis 

package.[276] 

Determination of inter-particle gap 

The complex scattering of the recorded mesocrystals displayed a combination of diffraction 

peaks associated to the tetragonal packing of the cubic nanoparticles as well as the form factor 

 

Figure 4-22 | Image (a) shows the synchrotron SAXS pattern of a PtNC/IONC binary mesocrystal and its 
corresponding radially integrated scattering signals in image (b). Image (c) illustrates the simulated diffraction 
pattern along the [111] zone axis of a I4/mmm space group unit cell with the parameters a = b = 34.24 nm and 
c = 29.24 nm. In colors are the reflexes highlighted matching with the measured SAXS pattern. Image (d) further 
displays this match with an overlay of the simulated pattern onto the actual SAXS pattern. 
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of the single particles superposed with a peak at ~0.58 nm-1, which we assume to be the inter-

particle size – the average length between the mass centres of two nanoparticles in the 

tetragonal packing. In order to estimate the average inter-particle gap – as the size of the two 

half particles minus the inter-particle distance, we have isolated the signature from the cubic 

form factor first by analysing the segmented radially integrated scans.[276] The full detector 

image was radially segmented into 16 azimuthal segments and each of them individually 

integrated. Segments without peak at ~0.58 nm-1 were selected and averaged in order to 

improve the signal to noise ratio (Figure 4-23 - left). Similar procedure was performed for 

segments showing a peak at ~0.58 nm-1 (Figure 4-23 - right). 

The form factor was estimated using SASView 5.0.04 package and a rectangle prism model 

where for consideration of a cubic shape, the side ratios length was fixed at 1. In order to 

avoid the contribution of a structure factor, the fitted q-range was selected between 0.15 and 

0.8 nm-1. The cube length from the fitted scattering curve gave an estimated size of 

8.8 ± 0.8 nm. It has to be noted that this size is slightly lower than the estimated one from 

TEM in this study but arises from several factors. Firstly, estimation of the particle size from 

the TEM analysis might be slightly overestimated if the particles do not lay perfectly flat or the 

imaging angle is different from 90°. Taking this aspect into account, the size of the cubic 

particles as determined via SAXS as a = 8.8 nm would possess a diagonal cube length in the 

same order of size as defined via TEM as per: 

Figure 4-23 | Radially integrated segments presenting without the inter-particle peak (left) with best fit of cubic 
nanoparticles of 8.8 ± 0.8 nm-1 (red curve) and radially integrated segments (right) showing the inter-particle 
peak (*). 
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Secondly, the fitted value is a single measurement averaging several hundreds of 

nanoparticles. Ultimately, the determination of a form factor is usually established for dilute 

systems and becomes complicated for such densely packed systems. 

The latter also complicates the separation of structure and form factor. Therefore, we follow 

a simplified approach to estimate the inter-particle distance – the average length between the 

mass centres of two nanoparticles in the tetragonal packing – from the scattering curves. We 

treated the fitted profiles, corresponding to the cubic form factor of the individual 

nanoparticles as a background and subtracted them from the averaged and integrated 

segments of the detector image where the particle peak at ~0.58 nm-1 was observed. The 

residual was fitted with a Gaussian curve to determine the peak centre and FWHM. The 

average length between the mass centres of two nanoparticles in the tetragonal packing – as 

per fitted curves – was calculated to be 11.12 ± 1.30 nm. The inter-particle gap gives an 

average value over all directions of the tetragonal packing of 2.54 ± 1.56 nm (Figure 4-24). 

 

 

 

Figure 4-24 | Best Gaussian fit for inter-particle distance peak obtained from the subtraction of the cubic 
modelling fit to the radially integrated scattering curves between 0.32 and 0.8 nm-1. 
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Figure 4-25 | Graphical Abstract – Tuning the Electronic Properties of Mesocrystals: Nanostructured 
metamaterials in form of mono phase or even binary mesocrystals are subject to fundamental research in recent 
literature. In this work, a more application-oriented property – the electrical conductivity – is investigated in 
great detail and reveals the vast potential that such multi component superstructures can inhere. Reprinted from 
ref[277] under the permission of the CC BY 4.0 license.[277] 

4.4.1. Abstract 

Colloidal crystals are arguably one of the most promising candidates when it comes to the 

fabrication of nanostructured metamaterials. Especially mesocrystals show exciting new 

properties that emerge from their inherent directional oriented assembly. With this work we 

are able to demonstrate and tune the electrical conductivity of well-defined micrometer-sized 

platinum nanocube-based mesocrystals through the variation of different capping agents. We 

present a method to reproducibly quantify the intrinsic resistance of individual mesocrystals 

through electrical nanoprobing and focused ion beam deposition contacting. Thermally 

activated tunneling mechanism is identified as the main effect for electron propagation. In 

addition, we alter the mesocrystals through organically linking and mineral bridging the 
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individual nanoparticles. This results in an increase in mesocrystal rigidity and more 

importantly conductivity by seven orders of magnitude while retaining shape, structure, and 

composition. In addition, we transferred these observations onto multi component 

superstructures in form of binary mesocrystals. There, we were able to demonstrate that the 

electrical properties can be tuned through the ratio of nanoparticles incorporated into a 

mesocrystalline host system, while simultaneously maintaining potential catalytic or 

superparamagnetic features of the guest particles. 

 

4.4.2. Introduction 

The discovery of the spontaneous self-assembling behavior of nanocrystals into highly 

ordered superstructures has given rise to a new generation of nanostructured materials.[151, 

247, 250, 266, 268, 278] This type of condensed matter is often referred to as “supercrystals” due to 

their astounding new characteristics and unique functionalities that arise from the collective 

properties of highly ordered nanocrystals.[201, 251, 265, 267] Extensive research has shown how 

spherical nanoparticles commonly self-organize into close-packed face-centered cubic (fcc) or 

hexagonal close-packed (hcp) superlattices as a result of van der Waals interactions.[77, 87, 279-

280] These so-called colloidal crystals gained a lot of attention in recent years as the 

understanding of their physical properties is a crucial part of the formation of 

metamaterials.[14, 268, 281-282] While isotropic nanocrystals are highly efficient in forming 

colloidal crystals with a large space-filling fraction, they lack directional properties and 

therefore are inherently limited in their properties.[280, 283] The focus on anisotropic 

nanoparticles and their ability to form crystallographically oriented arrangements within 

colloidal superstructures gave rise to a new type of colloidal crystals named mesocrystals.[13, 

126, 137, 259, 269, 282] In 2005 a clear and systematical description was proposed in which 

mesocrystals form from non-spherical crystalline building units as oriented superstructures 

with common outer faces.[142]  

Due to the unique process through which these mesocrystals emerge, they further attracted 

a lot of attention when it comes to the investigation of the underlying non-classical 

crystallization processes.[12, 14, 63, 184, 262] Advanced crystallographic techniques revealed that 

there is a need for a more distinct description of mesocrystals, which is based on the 

International Union of Crystallography (IUCr) definition of crystals as “a nanostructured 
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material with a defined long-range order on the atomic scale (in at least one direction), which 

can be inferred from the existence of an essentially sharp wide-angle diffraction pattern (with 

sharp Bragg peaks) together with clear evidence that the material consists of individual 

nanoparticle building units”.[14] Besides the crystallographic complexity, such mesocrystals 

inhere, recent research shows that the evolving properties of tailored mesocrystals that arise 

when ordering anisotropic nanoparticles can open a whole new range of yet unknown 

features such as superparamagnetism in large particle assemblies.[85, 136, 243, 284] Especially their 

common appearance in high-performing biological matter such as nacre further displays the 

significance of their structure-property relationships.[118, 121, 158] However, the formation of 

anisotropic nanoparticles into mesocrystalline superstructures on the micrometer scale 

remains a major challenge up until this day. A complex interplay of multiple driving forces 

among nanocrystals, stabilizing agent and solvent molecules requires a precise tuning of the 

experimental conditions to develop both orientational and translational orderings.[138, 184-185] 

From all the anisotropic nanoparticles, the nanocube is the simplest and most commonly 

synthesized of the five platonic bodies for a wide range of materials.[135-136, 149, 285] The 

structural anisotropy with varying crystallographic properties between corner, edge, and flat 

facet allows the exploration of shape-dependent structural and physical properties such as 

the electronic coupling of neighboring metallic nanoparticles as a result of the extended facet-

to-facet contact area. While the structure and arrangement of particles provide a large 

contribution towards the properties of such metamaterials, the actual composition of course 

remains the deciding factor for its properties. In terms of physical and electrochemical 

properties, elemental platinum has proven to be the most versatile and promising candidate 

in the development of advanced functional materials that inhere enhanced and/or novel 

properties for industrial applications.[78, 242] Furthermore, platinum nanoparticles have 

repeatedly demonstrated their emerging properties and enhanced activity in electrocatalysis 

as well as their ability to self-assemble into superstructures.[139, 239-240, 245, 264, 285] Due to the 

importance of conductivity within these materials, we seek to study its effects and underlying 

mechanism within the scope of this work. We, therefore, investigate colloidal crystals in form 

of micrometer-sized platinum nanocube (PtNC) based mesocrystals by unraveling their 

electrical properties and how they can be tuned through capping agents or heat treatment.[109-

110, 286] With our recent discoveries of artificially tailored mesocrystals we compare our results 

to the conductivity of magnetite nanocube based mesocrystals and further explore how a 
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combination of platinum and magnetite nanoparticles into binary mesocrystals can affect the 

conductivity of such assemblies.[17, 264, 287] 

 

4.4.3. Discussion 

All PtNCs used in this work were obtained by utilizing a slightly modified heating-up synthesis 

originally reported by Zhang et al.[239] In total, three different PtNC batches stabilized by either 

oleic acid (OLA, (9Z)-Octadec-9-enoic acid), linoleic acid (LOA, (9Z,12Z)-Octadeca-9,12-dienoic 

acid) or linolenic acid (LLA, (9Z,12Z,15Z)-Octadeca-9,12,15-trienoic acid) were produced and 

self-assembled analogous to a method which has been established and investigated in detail 

in prior work.[245] In preparation for the experiments, the PtNC dispersions were first purified 

by recrystallization from hexane according to a previously reported method, to narrow its 

particle size distribution and remove particles with a significantly increased aspect ratio.[186, 

245] The resulting average particle sizes of the PtNC dispersions have been determined to be 

10.7 ∓ 1.0 nm for OLA, 10.8 ∓ 2.1 nm for LOA, and 12.3 ∓ 2.5 nm in the case of LLA with an 

aspect ratio slightly above 1.3 in all three batches (Supporting Information 1, Chapter 4.4.7.1). 

Through a standard gas-phase diffusion technique, PtNCs were self-assembled from hexane 

into highly ordered mesocrystals on a silicon dioxide coated silicon wafer substrate using 

ethanol as the primary dispersion agent. Prior to crystallization, a marked grid was engraved 

onto the substrate through photolithography to exactly locate individual mesocrystals 

between the following treat- and measurements (Supporting Information 2, Chapter 4.4.7.2, 

Figure 4-33). The so obtained mesocrystals have been identified as such via Scanning Electron 

Microscopy (SEM), Small Angle X-ray scattering (SAXS), and Selected Area Electron Diffraction 

(SAED) techniques as displayed in Figure 4-26a,b. Conductivity measurements were then 

performed on the mesocrystals by contacting two tungsten nanoprobing tips with a diameter 

of 200 nm within the vacuum chamber of a Field Emission Scanning Electron Microscope 

(FE-SEM) as shown in Figure 4-26c and Figure 4-34. The physical structure of the mesocrystals 

appears to be of a soft, buttery texture, which allowed for a sufficient contact area of the 

measuring tip when applying a small force. In a crosscheck experiment, we utilized 2000 nm 

sized tungsten nanoprobing tips and compared their results to previous measurements to 

exclude the emerging contact resistance as a main factor (Supporting Information 2, 

Chapter 4.4.7.2, Figure 4-35a).   
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Figure 4-26 | (a) shows the SEM image of an OLA stabilized PtNC mesocrystal identified as such by a SAED 
performed on a fractured crystal (b) and the corresponding SAXS analysis of multiple mesocrystals (b inset). 
Image (c) shows a FE-SEM image of two 200 nm tungsten nanoprobing tips contacting a single mesocrystal and
the corresponding (I-V) curves in (d) over five consecutive measurements. FE-SEM images (e, OLA), (f, LOA) and 
(g, LLA) show a close-up example of all three different mesocrystal types during conductivity measurements. The 
corresponding results of the ratio between measured resistance R and respective nanoprobe tips separation L is 
illustrated in form of a box plot diagram (h). Scale bar in (b, inset) is 5 nm-1 for SAED and 0.1 q for SAXS. 
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Five consecutive voltage sweeps (forward and backward) showed ohmic and reproducible 

current-voltage (I-V) curves for the different mesocrystals (Figure 4-26d). For comparison, the 

ratio of measured zero-bias resistances R and respective distances L between both nanoprobe 

tips was calculated assuming a linear increase in resistance for larger distances. To rule out 

that the conductivity is caused by a surface-altering effect during the measurement, the 

mesocrystals have been placed on a substrate with pre-fabricated Au electrodes and 

measured across opposing surfaces of the crystal (Supporting Information 2, Chapter 4.4.7.2, 

Figure 4-36). The obtained values for the conductivity are within the range of our previous 

measurements. This implies that the performed two-point measurements at mesocrystal 

surfaces also reflect the electron-conducting mechanism within its bulk structure. To account 

for variations in crystal growth, we measured ten mesocrystals each and averaged their results 

within a box plot graph as illustrated in Figure 4-26e-h. Mesocrystals using LOA and LLA as 

capping agents show a high resistance with mean ratios of 2169 MΩ/µm and 3220 MΩ/µm, 

respectively. Therefore, the LOA and LLA samples display a minor noise within their measuring 

curves due to their resistances being close to the detection limit of the instrument (Supporting 

Information 2, Chapter 4.4.7.2, Figure 4-34).  In contrast, the OLA samples exhibit an order of 

magnitude higher conductivity with a resistance of 245 MΩ/µm (Figure 4-26h). Furthermore, 

we were not able to record any significant variations when measuring the resistance parallel 

or diagonal to the mesocrystals outer facets. 

The presented results clearly demonstrate how the conductivity of the PtNC mesocrystals 

can be tuned solely by the choice of the capping agent, as there is a direct correlation between 

mesocrystal conductivity and stabilizer. A comparison of the molecular structures of the three 

used fatty acids which typically cap on the surface of the nanocubes shows their chemical 

similarity and only difference within the number of carbon-carbon double bonds (Figure 

4-27a). This minor structural variation however appears to have a significant impact on the 

conductivity within a highly ordered superstructure obtained from these particles. A physical 

interconnection between the individual nanoparticles within the assembly can be ruled out at 

this point due to their ability to be re-dispersed in organic solvents. We, therefore, assume 

that the spatial arrangement of the PtNCs primarily dictates the ability to conduct electrons 

through the mesocrystals. In fact, the structural variation of the capping molecules on the 

PtNC surfaces causes an increase in the particle gaps, which we were able to observe through 

High-Resolution Transmission Electron Microscopy (HR-TEM) as the images in Figure 4-27a 
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illustrate. To correctly measure the particle gap, we arranged the PtNCs of all three capping 

agents into 2D self-assembled monolayers through solvent evaporation and determined the 

average facet-to-facet distance of several parallel oriented particle pairs as seen in Figure 

4-27b. The particle arrangement within the monolayers follows a primitive cubic packing 

structure with a slight tendency towards a hexagonal ordering (Figure 4-27a) in some cases, 

as we have discussed in more detail in previous work.[264]  HR-TEM imaging at 200kX was 

combined with selected area Fast Fourier Transformation (FFT) of the particle arrays to further 

ensure correct particle orientation in regards to their facet-to-facet arrangement as shown in 

Figure 4-27b when measuring the size of the gap. In addition, the observable long-range 

ordering of the atomic lattices throughout the particle arrangement further demonstrates the 

mesocrystallinity and therefore comparability of the obtained particle arrays with the bulk 

mesocrystals. The chart in Figure 4-27c shows how the average facet-to-facet particle distance 

increases alongside the number of double bonds of the fatty acid. When it comes to electron 

conductivity properties of two- and three-dimensional superlattices, the spatial distance 

between the nanoparticles is already known to be a key factor concerning the transfer of 

electrons.[288-291] It is further evident that the lattice structure of the particle assembly can also 

have an influence on the particle distance or the cross section of the facet-to-facet interaction 

and therefore might affect electron propagation along a specific crystallographic orientation. 

In previous research, we showed that the lattice structure of the PtNC-based mesocrystals 

from hexane show a high tendency towards a hexagonal packing in one plane and a 

rhombohedral crystal habitus.[245] Hence we measured the resistance perpendicular and 

diagonal to the outer faces of the mesocrystals in an effort to rule out any secondary effects 

caused by the internal structure of the mesocrystal. As demonstrated in Supporting 

Information 3 (Chapter 4.4.7.3) we were not able to observe any clear difference in 

conductivity in relation to the orientation of the crystal.       
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Furthermore, a variation in the crystallographic arrangement of the PtNCs in mesocrystals 

from OLA, LOA or LLA is unlikely given the results of preceding work where it is shown, that 

the crystal structure of a gas-phase diffusion self-assembled mesocrystal is dictated by the 

solvent and stabilizer concentration rather than its number of C=C double bonds.[140, 245] These 

findings conclude, that the increasing facet-to-facet particle distance, which we examined in 

the 2D self-assemblies must be taking effect within the 3D mesocrystals as well and are the 

 

Figure 4-27 | HR-TEM images and the molecular structures of 2D self-assembled PtNCs stabilized by the three 
different fatty acids OLA, LOA, and LLA (a). Image (b) shows two OLA stabilized PtNCs within a particle 
arrangement at a magnification of 200kX allowing for a precise determination of the particle distance. FFT 
analysis of the lattice planes gives platinum specific signals for a [100] zone axis revealing the exact 
crystallographic orientation as illustrated by the modeled nanocubes. The graph in image (c) provides the 
average particle distances within the shown assemblies in (a) for each sample. The scale bar in image (b) is 5 nm-1.
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primary contributor to the decrease in conductivity.  SAXS as the analytical tool of choice when 

it comes to determining particle distances within the bulk mesocrystal however cannot be 

used due to the varying particle sizes of the individual building units. Although the PtNC 

dispersions display a quite narrow size distribution, the PtNC sizes still vary within a couple of 

nanometers even after recrystallization, which is an order of magnitude difference in relation 

to the minor change in particle distance between different stabilizers. Therefore, it is 

impractical to compare the different mesocrystal batches solely based on SAXS. For this 

reason, the comparison of PtNC distances in a 2D assembly is a more accurate reference. In 

any case, these findings are concurrent with our prior conclusion that the electrical 

conductivity is primarily determined by the facet-to-facet particle gaps. Especially in the case 

of metal nanoparticle networks surrounded by insulating organic molecules a thermally 

activated electron tunneling mechanism should dominate which causes an exponential 

dependence of the electrical conductivity to the inter-particle distance.[292] In addition, the 

property of the chosen PtNCs to preferably self-orient into a facet-to-facet mesocrystalline 

lattice, as indicated in Figure 4-27b, has also been demonstrated in preceding research.[245] 

This concludes that the proposed tunneling mechanism is favored due to the increased surface 

area at which electron tunneling effects can occur.[293] 

To further verify a thermally activated electron tunneling model as the predominant 

conduction mechanism, the OLA stabilized PtNC mesocrystals were subjected to a 

temperature-dependent conductivity measurement. Respective mesocrystals were 

transferred to a non-conductive substrate with pre-fabricated Au finger electrodes and 

contacted via Focused Ion Beam (FIB) assisted Pt-deposition (Figure 4-28a). In the case of 

thermally activated electron tunneling, the conductivity of the mesocrystals should increase 

with elevated temperatures in contrast to a metallic behavior where an increased electron 

scattering will result in a reduction in conductivity.[285] The OLA specimen was cooled to a 

temperature of 80 Kelvin and then stepwise heated by 10 K to a temperature of 300 K with 

conductivity measurements in between every heating step. The graph in Figure 4-28b 

demonstrates how the I-V curves evolve during the experiment. For low temperatures, the 

mesocrystal is almost insulating with resistances near the resolution limit which is indicated 

by the increased error bar of extracted zero-bias resistances (used range: -0.5 to 0.5 V) in 

Figure 4-28c. At a temperature of 130 K and upwards an exponential decrease in resistance 

with rising temperatures can be observed. These findings are in good agreement with the 
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thermally activated electron tunneling model as the main contributor to the conduction 

mechanism in the as-prepared mesocrystals. This likewise rules out a metallic behavior that 

might arise from a physical contact between the individual PtNCs inside the mesocrystal 

superlattice, i.e. the PtNCs are separated by the organic ligand which dominates its electrical 

behavior.[294]  

In contrast to this temperature-dependent behavior, we also observed an irreversible 

increase in conductivity throughout for extended measurement cycles on a single crystal when 

the temperature is fixed at RT (Supporting Information 2, Chapter 4.4.7.2, Figure 4-35b). We 

assume that it is a result of a permanent altering of the mesocrystalline structure due to either 

induced Joule heating or interactions with the SEM electron beam as it only occurs after 

several measurements on the same mesocrystal. The soft and fragile texture of the 

mesocrystals outlines one major downside of these new types of materials. Recent research 

 

Figure 4-28 | Temperature-dependent I-V measurement of a single OLA stabilized PtNC mesocrystal. The FE-SEM 
image in (a) shows the mesocrystal connected to pre-fabricated Au-electrodes (shaded yellow) through 
deposited Pt-lines (blue shaded). The graph in (b) illustrates how the measured current is increasing for elevated 
temperatures, which implies a thermally activated conduction mechanism. Therefore, the extracted low-voltage 
resistances show an exponential dependence with the sample temperature as shown in (c). 
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however has demonstrated a method on how OLA stabilized superstructures can be heat-

treated to organically interconnect the carbon-platinum framework resulting in enhanced 

structural properties.[109-110] It is therefore worthwhile to investigate how this treatment will 

affect the electrical properties of the PtNC-based mesocrystals in respect to the conduction 

mechanism discussed in this work. Hence, we heat-treated all three mesocrystal types to 

induce a permanent altering of the entire samples through potential linkage of the fatty acids 

and subsequently investigated their electrical conductivity again.[109, 294]  

The previously analyzed 3D mesocrystals were subjected to a heating ramp to 325 °C over 

the course of 3 hours under a nitrogen atmosphere in order to slowly alter the fatty acids, 

which interconnect the individual PtNCs. Infrared spectroscopy of the heat-treated 

mesocrystals in comparison to the untreated specimen shows an absence of the sharp C=C 

stretching modes as well as two emerging broad signals at 1050 cm-1 and 3300 cm-1 

(Supporting Information 4, Chapter 4.4.7.4).[295-296] This strongly suggests a significant 

decomposition of the OLA into a carbon framework most likely induced by the catalytic 

properties of platinum. Nonetheless, the mesocrystal rigidity for all three samples increased 

significantly as can be observed when applying force with the nanoprobing tips. The harder 

mesocrystal surface allowed for a high contact pressure, again ensuring a reliable nanoprobe 

contact to the measured samples. With this, we were able to first demonstrate how 

PtNC-based mesocrystals stabilized by OLA, LOA or LLA can be thermally hardened similar to 

iron oxide nanoparticle supercrystals.[109-110] Surprisingly, a drastic increase in electrical 

conductivity by at least seven orders of magnitude after heat treatment can be recorded for 

all three types of mesocrystals (Figure 4-29a). With a mean resistance of only 15 Ω, 37 Ω, and 

25 Ω for five measured OLA, LOA, and LLA crystals respectively, the mesocrystals show a 

metallic conductivity as the measured resistance is within the range of the inherent resistance 

of the used nanoprobing system. The drastic increase in conductivity can no longer be 

explained by a thermally activated tunneling of electrons and rather suggests a direct contact 

between the nanoparticles that emerged after heat treatment. FE SEM imaging of the heat-

treated mesocrystal samples, however, does not indicate a significant alteration in their 

structure as Figure 4-29b,c reveals.  
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Figure 4-29 | Graph (a) compares the mesocrystal conductivities as determined from several specimens for each, 
heat-treated and as-prepared (untreated) sample. FE-SEM images in (b) and (c) show a mesocrystal and its 
surface after heat treatment, indicating no significant altering of the mesocrystalline structure has occurred. The 
HR-TEM image (d) shows a heat-treated LOA stabilized PtNC 2D self-assembly with an exemplary determined 
particle distance of 2.77 nm as well as the corresponding FFT analysis to determine the particle orientation. 
Graph (e) illustrates the measured average particle distances of heat-treated and as-prepared samples. Scale bar 
in (a, inset) is 10 nm-1. 
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Corresponding to the reference experiments on the 2D PtNC arrays for the untreated 

samples, further insight on how the heat treatment will affect the nanoparticles and its 

stabilizer on the nanometer scale can be obtained by the means of HR TEM. Therefore, all 

three particle types were assembled through solvent evaporation on a 15 nm silicon nitride 

membrane and heat-treated at 325 °C analogous to the mesocrystal specimen. The organically 

linked 2D assemblies were analyzed by HR-TEM and FFT to determine their facet-to-facet 

particle distance and orientation as illustrated in Figure 4-29d. In addition, no sign of PtNC 

altering, deformation, or particle fusion could be observed for the 2D assemblies. While the 

trend of the particle spacing from OLA to LLA remains identical to the as-prepared PtNCs, it is 

evident how the particle distance before and after heat treatment notably reduced by over 

8% from 2.8 ± 0.3 nm to 2.5 ± 0.3 nm for OLA, 3.1 ± 0.2 nm to 2.8 ± 0.3 nm for LOA and 

3.8 ± 0.2 nm to 3.5 ± 0.3 nm for LLA in all three cases as illustrated in Figure 4-29e. This change 

in particle distance suggests an increase in conductivity due to a smaller tunneling barrier at 

shorter particle distances for the mesocrystals but does not solely explain an increase of seven 

orders of magnitude. 

Hence, HR-TEM in combination with High Angle Annular Dark Field Scanning Transmission 

Electron Microscopy (HAADF-STEM) imaging on the heat-treated mesocrystals was performed 

to fully explain this behavior. Due to the strong electron absorption of platinum, a thin piece 

of a fragmented mesocrystal sample was investigated which allows transmission of electrons 

and the observation of the inner mesocrystal rather than its exterior surface (Figure 4-30a,b). 

Several rows of ordered PtNCs with small but visible gaps in between can be located. The 

nanocubes appear to have retained their cubic shape and order, although their gaps are much 

narrower often contacting neighboring particles in at least one direction of ordering as 

illustrated in Figure 4-30b inset. HR-TEM images at 300kX shown in Figure 4-30c,d reveal how 

mineral bridges and particle fusion of the individual PtNCs occurred in parts of the 

mesocrystal. Figure 4-30d and the corresponding FFT analysis (Figure 4-30e) demonstrate how 

the initial mesocrystalline particle orientation shown earlier facilitates particle fusion of the 

PtNCs into a single crystalline superstructure. The formation of mineral linkage and particle 

fusion upon heating in semiconductor nanoparticle-based mesocrystalline films on the 

example of PbS nanoparticles has been reported before supporting our observations.[297] 

Furthermore, the thermal altering of an oleic acid into a carbon framework as we observed it 

(Supporting Information 4, Chapter 4.4.7.4) is already known to promote electron transport, 
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which was shown on the example of self-assembled Fe3O4 nanocube superlattices.[297] 

Therefore, we conclude that the formation of mineral bridges between the particles is the 

primary reason for the high conductivity of the heat-treated mesocrystals, supported by a 

contributing effect of the altered carbon framework enhancing its conductivity even further.  

 

Figure 4-30 | STEM images in transmission bright field (a) and HAADF (b) of a heat-treated OLA stabilized PtNC 
mesocrystal fragment. HR-TEM images at 300kX show the partially fused (c) and mineral bridged (d) PtNCs 
forming a highly crystalline structure as the FFT (e) of image (d) reveals. Scale bar in (e) is 5 nm-1. 
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Although the formation of mineral bridges most likely dominates the electrical conductivity 

throughout the mesocrystal it remains unclear how high the contribution of electron 

propagation through the carbon framework or tunneling effects is. In an effort to reliably 

quantify the individual effects on overall conductivity in future work, it will be necessary to 

separate the carbon framework from the platinum structure through oxidation/dissolving.  In 

addition, sophisticated high resolution 3D mapping of the mesocrystal could be conducted, to 

quantify the degree of mineral bridge formation within the bulk of the crystal. 

In an effort to expand and compare our findings to other mesocrystalline superstructures, 

we conducted measurements on mesocrystals fabricated from iron oxide nanocubes (IONCs) 

of a similar size (12.0 ∓ 1.5 nm) and likewise stabilized by OLA in hexane (Supporting 

Information 5, Chapter 4.4.7.5). It is important to notice here, that the IONCs consist of a 

mixture of predominantly Fe3O4 (magnetite) with minor amounts of Fe2O3 (maghemite).[85] As 

expected, we found that the resistance of these mesocrystals reached the limits of the 

nanoprobe measuring system as a result of the low inherent conductivity of 

magnetite/maghemite in combination with the high barrier of electron tunneling due to OLA 

(Figure 4-39b). With a resistance of >100 GΩ, it can be stated that the IONC-based 

mesocrystals are highly isolating. Analogous to the PtNC-based mesocrystals, the IONC-based 

mesocrystals were heat-treated and subsequently measured to exhibit a significantly lower 

resistance of 32 ± 3 MΩ (Figure 4-31a and Figure 4-39c). This value is in good agreement with 

the reported conductivity for bulk of a magnetite/maghemite  mixture and when additional 

discontinuities within the material are considered.[298-299] This further consolidates our 

previous findings that demonstrate the formation of mineral bridges allowing electron 

propagation comparable to the bulk material. 

While platinum nanoparticles are already well known for their catalytic and electrochemical 

properties, iron oxide nanoparticles also hold astounding new properties such as 

superparamagnetism.[243] In order to expand the observations made in this work onto 

multicomponent materials we utilized both materials to create micrometer sized 3D binary 

mesocrystals that contain PtNCs as well as IONCs according to our recent work.[264] The 

obtained structures are illustrated in Figure 4-31b and have been analyzed in Supporting 

Information 6 (Chapter 4.4.7.6). Upon determining their conductivity, we found that the 

incorporation of foreign particles into a mesocrystalline host lattice (Figure 4-31c) does not 

result in a measurable impact on the conductivity of the untreated binary mesocrystals. Binary 
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mesocrystals where PtNCs form the host lattice and IONCs are incorporated into the structure 

(PtNCIONC) exhibit a similar conductivity (595 ± 61 MΩ) as pure PtNC-based mesocrystals with 

a resistance of 915 ± 92 MΩ (Figure 4-31a). Equal observations can be made for the inverse 

counterpart where PtNCs are incorporated into a IONC mesocrystal host lattice (IONCPtNC). 

Again, embedding of PtNCs does not result in a measurable increase in conductivity of the 

mesocrystals as they still show the insulating behavior of pure IONC-based mesocrystals 

(Figure 4-31a). In reference to our preceding work, where we analyzed the portrait binary 

mesocrystal samples, we demonstrated that a significant amount of “foreign” particles are 

embedded into the host mesocrystals by the means of FE-SEM, EDX and HR TEM analysis 

(Figure 4-40) as well as software assisted particle detection methods.[264]  

When it comes to the conductivity of the heat-treated binary specimen, a slightly different 

picture is painted. Our findings so far demonstrated, that the heat treatment resulted in a 

formation of mineral bridges between the individual building blocks. Thus, a physical 

connection between the different materials can be expected, which should result in a 

contribution of the introduced particles to the electrical properties of the host material. In 

fact, we found that the resistance of the mesocrystals actually behaves as one would expect 

when mixing a highly conductive material with an insulating one. The conductivity of IONCPtNC 

binary mesocrystals increases significantly by two orders of magnitude with a measured 

resistance of 168 ± 17 kΩ. In accordance, an inverse effect is measurable for the PtNCIONC 

binary mesocrystals. There, an increase in resistance from 7.5 ± 0.8 Ω to 22 ± 2 Ω is 

measurable, yet less pronounced in comparison to its inverse counterpart. Based on these 

observations, the amount of incorporated particles, which had been determined to be only 

0.68% for IONCPtNC but significantly higher for PtNCIONC binary mesocrystals, appears to directly 

correlate to the conductivity of the material.[264] Although the remaining obstacle of precisely 

controlling the amount of incorporated particles within the binary mesocrystals needs to be 

overcome first, this method already allows for a continuous tuning of the conductivity as a 

function of amount of incorporated particles. 

Nevertheless, we were able to provide analytical evidence that this method is a cost-effective 

way to increase the platinum mesocrystal volume without diminishing its electrical 

conductivity for the untreated samples or even tune it if subsequently heat-treated. This 

enables the introduction of potential catalytic, magnetic or even superparamagnetic 

properties into the otherwise monophasic mesocrystal by the combination of two materials.  
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The exact physical and electrochemical effects however have to be investigated in more 

detail to clarify any dependencies. Ultimately, a much more sophisticated analytical process 

 

Figure 4-31 | (a) compares the resistances of monophase PtNC and IONC-based mesocrystals as well as binary 
PtNC/IONC mesocrystals (blue) with their heat-treated analogues (black). Resistances have been obtained 
through the previously described I-V measurements on a sample size of five mesocrystals per type. All four 
different types of mesocrystals are illustrated in (b) indicating their IONC/PtNC content from left to right. FE-SEM 
images of the mesocrystal surfaces in (c) allow for a differentiation of high contrast PtNC from low contrast IONC 
due to an increased secondary electron emission for high atomic number materials. Scale bar in (c) is 50 nm. 
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including synchrotron based SAXS and WAXS measurements, SQUID measurements as well as 

nanometer resolution element mapping is needed in order to conclude any well-grounded 

explanations. The latter section of this research article therefore focused on presenting a brief 

outlook into the vast possibilities, which come alongside such multicomponent 

superstructures that can be explored in further work. 

 

4.4.4. Conclusion 

Within the scope of this work, we presented a method to determine and investigate the 

electrical properties of colloidal metal / metal oxide superstructures in form of large, 

micrometer-sized PtNC and/or IONC-based mesocrystals. Conductivity measurements were 

established through nanoprobing individual specimen and recording multiple successive I-V 

sweeps. Through variation of chemically similar but structurally different PtNC capping agents 

in form of OLA, LOA and LLA we can reproducibly tune the conductivity of our mesocrystals. 

In an effort to study the underlying electron conduction mechanism, we observed that the 

inherent mesocrystal resistance increases alongside the facet-to-facet particle gaps within the 

assemblies. This change in particle distance is caused by the varying amount of C=C double 

bonds within the capping agent as we report. In addition, temperature-dependent I-V 

measurements, rule out a metallic conduction mechanism as the mesocrystal resistance 

reduces exponentially with increasing temperatures. As a result, we conclude that a thermally 

activated tunneling mechanism is responsible for the electron propagation throughout the 

mesocrystal. This mechanism is furthermore favored by the mesocrystalline ordering that 

facilitates an oriented facet-to-facet particle arrangement and suggests that the observed 

conduction mechanism should therefore be transferable onto many other metal nanoparticle-

based mesocrystals. The deliberate selection of unsaturated fatty acids as the intermediate 

surfactant further enables a hardening of the soft and fragile mesocrystal structure through 

organically linking while simultaneously increasing the conductivity by seven orders of 

magnitude. Furthermore, we were able to show that our findings can also be expanded onto 

multicomponent systems such as binary mesocrystals, where the interplay of platinum and 

iron oxide nanoparticles can lead to multifunctional materials. It was clearly demonstrated, 

that the electron conducting behavior of such materials can either be retained or be tuned by 
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subsequent heat treatment while adding the magnetic or potentially superparamagnetic 

properties of iron oxide nanoparticles.  

The broad range of properties from soft to hard, dissolvable to permanent and insulating to 

conducting that can be achieved with this novel class of metamaterial is highly promising. This 

demonstrates how nanocrystals can act as a versatile building block for a potential fabrication 

of functional mesocrystals with controllable electronic features. 
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4.4.6. Materials and Methods 

4.4.6.1. Chemicals 

Tungsten hexacarbonyl (99%) and platinum (II) acetylacetonate (98%) were provided by abcr 

(Karlsruhe, Germany). Linoleic acid (LOA) (99%), toluene (99.8+%) and oleylamine with a C-18 

content of 80–90% were purchased from Acros Organics (Geel, Belgium). Linolenic acid (LLA) 

(70%) was supplied by TCI (Tokyo, Japan) and oleic acid (OLA) (99%) was received from Alpha 

Aesar (Kandel, Germany). Tetrahydrofuran (100%), hexane (98%) and ethanol (99,8+%) were 

purchased from VWR (Darmstadt, Germany) as well as Roth (Fontenay-sous-Bois, France). All 

chemicals were used without further purification.  

4.4.6.2. Platinum Nanocube (PtNC) Synthesis 

The synthesis of platinum nanocubes has been carried out according to a slightly modified 

procedure, which has been reported by Zhang et al.[239] A mixture of 3.56 g of oleic acid in 16 

ml of oleylamine, 40 mg platinum(II) acetylacetonate was added and placed in a two-neck 

Schlenk flask equipped with a reflux condenser, attached to a N2-Schlenk line. The mixture 
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was heated subjected to vacuum for 10 minutes and subsequently heated to 120°C under a 

slow Nitrogen flow while vigorous stirring. 100 mg of tungsten hexacarbonyl were added to 

the solution and the temperature was raised to 245°C. This temperature was hold for further 

60 minutes under continuous agitation before cooling back to room temperature. The crude 

black product was separated by centrifugation with a relative centrifugal force (RCF) of 7960 G 

for 25 minutes and treated with anhydrous hexane in three separation cycles. Platinum 

nanocubes were obtained as a black and oily solid and redispersed in either hexane, toluene 

or tetrahydrofuran for further use. The particle dispersion was stored under light exclusion to 

prevent decomposition. 

4.4.6.3. Iron Oxide Nanocube (IONC) Synthesis 

A heating-up method was used to produce iron oxide nanocubes from an Iron (III) Oleate 

Precursor in a two-step synthesis.  

To obtain the Iron (III) Oleate Precursor, a 100 ml two-neck Schlenk flask was filled with Iron 

(III) chloride hexahydrate (1.35 g, 5 mmol) and sodium oleate (4.58 g, 15 mmol) under nitrogen 

atmosphere, degassed and subsequently stirred in a mixture of ethanol (10 mL), hexane (18 

mL), and MilliQ water (8 mL) until everything dissolved. This solution was Freeze-Pump-

Thawed in a liquid nitrogen bath for one cycle to remove any solved oxygen. While stirring, 

the mixture heated to a reflux temperature of 80°C for four hours. The resulting two phase 

product was washed with milliQ water (3 x 50 mL) and the organic phase separated before 

drying over Mg(SO4)2 to remove any water residues. Rotary evaporation at 50 °C / 330 mbar 

was performed to remove the organic solvents, until the crude product in form of a dark 

brown oil was obtained, which is stored at 4 °C until further use. 

The previously prepared iron (III) oleate (4.54 g, 5 mmol), sodium oleate (218 mg, 0.72 mmol) 

and highly purified fatty acid (e.g. 99% pure oleic acid) (227 µL, 0.72 mmol) were placed within 

a three-neck flask and dissolved in 1-octadecene (25 mL). The mixture was then dried under 

vacuum at 60 °C for 30 min while stirring to remove remaining water and dissolved oxygen. 

The so prepared reaction mixture was subjected to a reflux temperature of 320 °C under 

nitrogen atmosphere using a heating ramp of 3.3 °C/min. At this temperature the reaction 

was stirred for further 30 min before removing the heating source and cooling back to room 

temperature while stirring. The now black liquid was transferred into several falcon tubes and 

purified through centrifugation for multiple times. At first, double the amount ethanol was 



4.4 Publication 3: Tuning the Electronic Properties of Mesocrystals 

127 
 

used to dilute the crude product and separated with a RCF of 210 G (15 min, two times) and 

then with a mixture of ethanol to toluene decreasing each washing cycle (4:1, 3:1, 2:1) for 

three times at a RCF of 9000 rpm (15 min). Larger agglomerates can be separated by a syringe 

filter after dispersing the purified product in the desired solvent such as THF, toluene or 

hexane. 

4.4.6.4. Mesocrystal Formation via Gas-Phase Diffusion 

A cleaned 5 x 7 mm double side polished silicon wafer snippet and 300 µL of a prepared 

particle dispersion containing 3 µl/ml of highly purified fatty acid (e.g. oleic acid (99%)) were 

placed within a 1 ml flat bottom glass vial. The silicon snippet was cleaned by 10-15 min 

gradual ultrasonification in first ethanol then iso-propanol, acetone, ethylacetate, toluene and 

toluene. The so prepared 1 ml flat bottom glass vial was placed inside a 5 ml screw cap vial, 

which was prepared to contain 1.5 ml of an ethanol/dispersion solvent (50:50) mixture. The 

crystallization setup was then stored within a desiccator containing an ethanol rich 

atmosphere for multiple days, depending on the dispersion solvent (THF 1-2 days, Toluene 

7-14 days, Hexane 14+ days). When the crystallization is finished, the mesocrystals holding 

silicon snippet was carefully removed and immediately immersed into a pure ethanol solution 

for 30 seconds before drying in air. 

4.4.6.5. Binary Mesocrystal Formation via Gas-Phase Diffusion 

Binary mesocrystals were prepared analogous to the formation of mono-phase mesocrystals 

as described above. The prepared particle dispersions however consist of mixtures of equally 

sized particle batches from two different materials (e.g. IONCs and PtNOCs) as determined via 

TEM analysis (Supporting Information 1 and 5, Chapter 4.4.7.1 and Chapter 4.4.7.5). The 

mixing ratios can vary depending on other factors such as particle concentration as well as 

particle size distribution and need to be determined in various control experiments. The 

resulting particle dispersion mixture is prepared to contain 3 µl/ml of highly purified fatty acid 

(e.g. oleic acid (99%)) before continuing with the mesocrystal formation. 

4.4.6.6. Heat treatment of Fatty Acid Stabilized Mesocrystals 

The prepared mesocrystal samples were heat-treated in a Nitrogen atmosphere using an 

Unitemp RTP oven. Prior to heating, the oven was evacuated and flushed with nitrogen gas 

three times, before slowly raising the temperature to 320°C over the course of 3 hours. The 
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temperature was then hold for further 20 minutes before slowly cooling to room temperature 

within 1 hour. Heat-treated mesocrystals show a significant change in structural rigidity as 

already reported in literature.[109] 

4.4.6.7. Sample Fabrication 

P-doped Silicon (Si) substrates with a 1000 nm (±5%) thick thermally grown silicon dioxide 

(SiO2) layer from Active Business Company GmbH are cut into 5 mm x 7 mm pieces and cleaned 

in deionized water, followed by acetone and isopropanol in an ultrasonic bath for ten minutes 

each. An optical lithography process in combination with reactive ion etching (RIE) is applied 

to generate a marked grid with 300 µm x 300 µm fields, which enable to locate a specific 

mesocrystal. For mesocrystal formation the samples are placed in the 1 ml glass vial 

mentioned beforehand.  

4.4.6.8. In-situ Nanoprobing 

For in-situ I-V measurements a nanoprobing system from Imina Technologies was transferred 

to the SEM chamber, which enables the usage of up to four individual miBot nanoprobers. 

Tungsten tips with a radius of 100 or 1000 nm were used for measurements. A well-grown 

mesocrystal per marker field is selected and contacted by two of the tips. The nanoprobes are 

connected to a Keithley 2401, which can be controlled remotely by a Matlab program to 

perform in-situ I-V measurements (voltage range: 1 µV - 20 V, current range: 10 pA-1 A). For 

every sample five to ten different as-prepared and heat-treated mesocrystals are measured 

and the distance between the tips is kept between 4 and 10 µm dependent on mesocrystal 

size. The electron beam was blocked during electrical measurements to prevent influences of 

incident electrons.   

4.4.6.9. Temperature-dependent I-V Measurements 

Grown mesocrystals are transferred to a Si wafer with a 1 µm thick SiO2 layer on top for 

temperature-dependent I-V measurements. The sample exhibits pre-fabricated finger 

electrodes with distances of 20 and 40 µm. Afterwards a nanoprobe manipulation is used to 

deposit a single mesocrystal between the finger electrodes. For fixation and contacting of the 

crystal, a focused ion beam (FIB) in combination with a gas injection system (GIS) is applied to 

deposit Pt connections. The sample is placed in a cryostat to perform I-V measurements with 



4.4 Publication 3: Tuning the Electronic Properties of Mesocrystals 

129 
 

a Keithley 2401 from 80 to 300 K in vacuum (pressure < 10-5 bar). To ensure equilibrium, the 

sample is kept at each temperature for 15 minutes before performing an I-V sweep. 

 

4.4.7. Supporting Information 

4.4.7.1. Supporting Information 1: Platinum Nanocubes (PtNCs) 

We used TEM imaging in combination with a software (Olympus iTem) assisted particle 

detection method to determine the number weighted average particle size of our platinum 

nanocube dispersions as well as their size distribution and aspect ratios as shown in Table 2 

and Figure 4-32. The center (xc) of the Gaussian fit gives the average particle while we chose 

the Full Width at Half Maximum (FWHM) to represent the width of the size distribution, which 

we indicated by its value placed behind the ∓ symbol. The aspect ratio was determined for 

each particle individually and the arithmetic mean for the examined sample calculated. 

Table 2 | Particle analysis of three different stabilized PtNC dispersions. The center of the Gaussian fit (xc) and its 
FWHM, as well as the arithmetic mean of the particle Aspect Ratio (diametermax/diametermin) of all three PtNC 
batches is shown in the Table below. The Total Count of particles detected for this analysis is shown in the last 
column. 

PtNC Sample xc [nm] FWHM [nm] Aspect Ratio Total Count 

OLA 10.63 ± 0.01 2.25 ± 0.03 1.32 ± 0.11 1957 

LOA 10.75 ± 0.09 2.48 ± 0.27 1.32  ± 0.19 1059 

LLA 12.25 ± 0.10 2.96 ± 0.33 1.30 ± 0.20 2948 

 

 

Figure 4-32 | TEM images and the corresponding size distributions determined by software (Olympus iTem) 
assisted particle detection of OLA (a), LOA (b) and LLA (c) stabilized PtNCs. 
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4.4.7.2. Supporting Information 2: In-situ Nanoprobing of Individual PtNC-Based 

Mesocrystals 

The used Si/SiO2 samples were structured before mesocrystal growth. Therefore, an optical 

lithography step in combination with an etching process was applied to generate a grid 

consisting of 15 (labeled with I-XV) 300 µm x 300 µm fields as depicted in Figure 4-33a. This 

enables the identification and several two-point I-V measurements of the same mesocrystal 

by the nanoprobing system, which is integrated in a FE-SEM, to investigate influences of 

different treatments and measurement conditions (Figure 4-33b). 

 

Figure 4-33 | Mesocrystal selection for two-point measurements of single Pt mesocrystals. (a) An etched grid is 
used to identify coordinates of the selected mesocrystals. (b) Taken FE-SEM images allow the relocation of the 
same crystal to perform I-V measurements after different treatments. 

However, I-V measurements on LOA (Figure 4-34a,b) and LLA (Figure 4-34c,d) stabilized 

mesocrystals with a tip distance of ~ 10 µm show an almost insulating behavior with 

resistances > 1010 Ω, which is in the range of the resolution limit of the used Keithley 2401. 

Therefore, the measured I-V curves are quite noisy resulting in an increased error of the 

calculated resistance values. Nevertheless, crystals with LLA are still less conductive than the 

LOA ones since the error is < 10% of the determined resistances. 
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Figure 4-34 | I-V measurements of LOA (a, b) and LLA (c, d) stabilized Pt mesocrystals. Both types of crystals show 
a very high resistance, which results in quite noisy I-V curves. 

Regarding two-point measurements it is important to investigate the influence of contact 

resistance. To account for this, the same mesocrystals have been measured with different 

Tungsten tip diameters, namely 200 nm and 2000 nm. Consequently, the contact area should 

be roughly 100 times larger for the bigger tips and reduce the contact resistance drastically. 

Though, measured resistances with the 2000 nm tips (dark blue bars) are comparable to the 

200 nm ones (light blue bars) as shown in Figure 4-35a. This result is further confirmed by test 

measurements on another mesocrystal per location with the bigger tips (green bars). 

Therefore, the contact resistance seems not to be a limiting factor and measured resistances 

reflect the electrical properties of Pt mesocrystals. However, it was observed that longtime 

measurements on the same mesocrystal can change its electrical properties quite drastically. 

Their conductivities increased irreversibly, which we attributed to a permanent altering of the 

crystals itself resp. thermal crosslinking of the unsaturated fatty acids due to Joule Heating 

during I-V sweeps or electron bombardment of the electron beam. An example is shown in 

Figure 4-35a for the mesocrystal at position 14 which was measured with both tip diameters. 
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The ratio R/L decreased more than two orders of magnitude after several longtime 

measurements. This increase in conductivity is also visible for the measured I-V curves at 

different measurement days in Figure 4-35b. 

 

Figure 4-35 | Influence of tip diameter and repeated measurements on the measured crystal resistance. (a) 
Measurements of the same mesocrystal by nanoprobe tips with a diameter of 200 nm (light blue) and 2000 nm 
(dark blue) show that the contact resistance is not a limiting factor. Another crystal measured with the 2000 nm 
tips (green) confirms this finding with a comparable resistance. However, if several extensive measurements are 
performed on a single crystal the resistance changes quite drastically (crystal at position 14), which is also 
observable in the I-V curves measured at different days as illustrated in (b).   

Finally, the influence of tip placement is investigated. Usually, the nanoprobers are placed 

on the crystal surface to ensure a reproducible tip separation of ~10 µm and sufficient contact 

for different measurements. However, this could imply that the performed two-point 

measurements only reflect the conductivities of Pt mesocrystal surfaces instead of the bulk. 

To rule that out an OLA stabilized mesocrystal was transferred to a sample with pre-fabricated 

Au electrodes and the measurement tips were placed on the mesocrystal and electrode 

surface, respectively (Figure 4-36a). The resulting I-V curve and calculated resistance in Figure 

4-36b is comparable to previous measurements of this crystal type. Therefore, the performed 

two-point measurements on the crystal surface also reflect the intrinsic electrical properties 

of the 3D structure. 
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Figure 4-36 | Influence of measurement direction. (a) A OLA stabilized crystal is placed on pre-fabricated Au 
electrodes to enable an I-V measurement through the crystal. (b) The I-V curve and calculated resistance is 
comparable to previous two-point measurements on the crystal surface. 

4.4.7.3. Supporting Information 3: Conductivity Measurements along Mesocrystal Facets 

Since the electrical conductivity of mesocrystals is dominated by the facet-to-facet particle 

distance the arrangement of nanoprobing tips in respect to nanoparticle orientation could 

influence measured resistances R. However, I-V measurements perpendicular and diagonal to 

the outer faces of OLA stabilized mesocrystals for a tip separation of L ~ 10 µm do not show a 

significant difference (Figure 4-37). Especially, the ratios R/L end up in similar values of 

180 MΩ/µm and 181 MΩ/µm for measurements diagonal and perpendicular to the nanocube 

facets, respectively. Therefore, we could not observe any clear relation between the internal 

structure of mesocrystals and measured resistances. 
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Figure 4-37 | Influence of nanoparticle orientation. I-V measurements diagonal (a, b) and perpendicular (c, d) to 
the outer faces of the mesocrystal give similar ratios R/L, i.e. the influence of nanoparticle orientation on 
measured resistances seems to be negligible. 

4.4.7.4. Supporting Information 4: ATR FT-IR Spectroscopy of PtNC-based Mesocrystals 

ATR FT-IR Spectroscopy of as-prepared OLA stabilized PtNC-based mesocrystals was 

performed and compared with the spectra obtained from a heat-treated sample in order to 

investigate the altering of the oleic acid. In the as-prepared spectra of Figure 4-38 two signals 

at 2920 cm-1 and 2852 cm-1 are visible which correspond to the CH2 and CH3 stretch modes of 

the OLA tail. The three sharp signals can be contributed to the C=C (1634 cm-1) and C=O 

(1538 cm-1) stretching as well as the C-H bending (1465 cm-1) modes. The shift of the C=C and 

C=O stretching modes towards lower wavenumbers when compared to pure oleic acid is a 

result of the interaction of the COOH head group of the OLA with the PtNC surface.[295] If the 

spectrum is compared to the heat-treated sample, it is evident how the CH stretching modes 

practically disappear and the C=C/C=O modes significantly decrease in strength accompanied 

by a broadening of their signal. In addition, two broad signals at 3300 cm-1 and 1050 cm-1 

emerge, indicating a strong decomposition of the OLA.[296] 
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Figure 4-38 | FT-IR spectra of an as-prepared OLA stabilized PtNC-based mesocrystal in blue and the same 
specimen after heat-treatment at 325°C in black. The characteristic vibration modes have been labeled 
accordingly and their values are as follows: =C-H stretch (3007 cm-1); CH2 stretch (2920 cm-1); CH3 stretch 
(2852 cm-1); C=C stretch (1634 cm-1); C=O stretch (1538 cm-1); C-H bend (1465 cm-1). 

4.4.7.5. Supporting Information 5: Iron Oxide Nanocube (IONC) Based Mesocrystals 

Iron oxide nanocubes have been synthesized according a two-step heating method as it has 

been described in the experimental section and already reported in literature.[17] The particles 

where characterized by the means of SAED and their average particle size was determined to 

be 12.0 ∓ 1.5 nm after re-crystallization through software assisted TEM analysis (Figure 4-39a) 

analogous to the method described within Supporting Information 1 (Chapter 4.4.7.1). From 

these particles, mesocrystals were formed through the gas-phase diffusion technique to 

obtain superstructures of 50 to 100 µm in size. Conductivity measurements of the IONC-based 

mesocrystals show a very high resistance of > 100 GΩ, which is above the detectable limit of 
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the used nanoprobing system, indicating an insulating material as shown in Figure 4-39b. The 

crystals have been subjected to heat treatment equal to the PtNC-based mesocrystals which 

resulted in an increase in conductivity and a resistance of 32 ± 3 MΩ (Figure 4-39c) which is 

close to the expected resistance of polycrystalline bulk iron oxide.[298-299] 

 

Figure 4-39 | Software (Olympus iTem) assisted particle detection of TEM images of a recrystallized IONC batch 
gave an average particles size of 12.0 nm, which is indicated by the center xc auf the Gaussian fit (red) in figure 
(a) and a particle size distribution of 1.5 nm given by its FWHM. FE-SEM images and the corresponding I-V curves 
of 10 µm distanced nanoprobes for an as-prepared (b) and heat-treated (c) IONC-based mesocrystal are 
provided. Scale bar in inset (a) is 0.5 nm-1. 

4.4.7.6. Supporting Information 6: Binary Mesocrystals from Platinum and Iron Oxide 

Nanocubes 

Two variants of binary mesocrystals have been synthesized according to a procedure, which 

we reported on in detail in literature.[264] Both mesocrystals batches contain a combination of 

IONCs and PtNCs although in opposing amounts. Figure 4-40a shows FE-SEM images of a 

IONC-based binary mesocrystal with incorporated small amounts of PtNC which can be seen 

in the high-resolution image (Figure 4-40b) due to the higher contrast of platinum already. A 

similar observation is made for an inverse superstructure (Figure 4-40c), where PtNCs form 

the host lattice while IONCs incorporate into it as shown in Figure 4-40d. This conclusion is 

backed up by EDX point analysis of the binary mesocrystals’ center (Figure 4-40e) as well as in 

depth investigations which we have presented in a preceding research article.[264] 
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Figure 4-40 | FE-SEM images of binary mesocrystals from IONCs and PtNCs. (a) shows an IONC host lattice 
containing small amounts of PtNCs as indicated by the bright spots in the high-resolution image of the binary 
mesocrystal surface in (b). Analogous, a PtNC host lattice binary mesocrystal with an incorporation of IONC is 
displayed in (c) and (d). This observation is backed up by point EDX analysis (e) at the center of both specimens 
marked with a star in (a) and (b). 
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5. General Conclusions and Outlook 

This chapter complies the results presented in this cumulative doctoral thesis by providing a 

summary of each publication, a short conclusion, and a brief outlook. As stated in Chapter 3, 

the scope of this work was focused on the development of a multicomponent binary 

mesocrystal from platinum (PtNCs) and iron oxide (IONCs) nanocubes. The formation of binary 

mesocrystals from anisotropic nanoparticles is unprecedented in literature to the date of this 

thesis. Therefore, it will add an essential contribution to the fundamental research of 

multicomponent nanomaterials. 

Within the first publication presented in Chapter 4.2, the formation and characterization of 

micrometer-sized mesocrystals from PtNCs as small as 10 nm were successfully 

demonstrated. A library of nine mesocrystal types from three different solvents and three 

different stabilizers was created, highlighting the versatility of the presented techniques. The 

foundation for this achievement lies within the platinum building blocks themselves. By slight 

modification of the experimental parameters in the PtNC synthesis, it was possible to show 

that the chosen method can facilitate the formation of PtNCs with nearly identical sizes and 

shapes. The nanocubes were also stabilized by either of three different fatty acids: oleic acid 

(OLA), linoleic acid (LOA), or linolenic acid (LLA). TEM imaging of PtNC monolayers indicates a 

continuously high tendency towards self-assembly for all three stabilizers. Interestingly, the 

SAED patterns already reveal a mesocrystalline character for the two-dimensional assemblies. 

It can be concluded that fatty acid stabilized PtNCs are a promising candidate when it comes 

to mesocrystallization. The capability to be stabilized in several organic solvents further 

reinforces this assessment in the light of a gas-phase diffusion technique. In the same article, 

these conclusions were validated by the successful formation of the above-mentioned library 

of mesocrystals. Analogous to the formation of IONC-based mesocrystals, the morphology of 

the PtNC-based mesocrystals is also affected by the polarity of the solvent from which the 

mesocrystals emerge.[140] It can be concluded that the self-assembly process of both particles 

follows the same principles and is therefore primarily directed by particle shape, stabilizer, 

and solvent. This is significant for the objective of developing a co-assembly method as it 

indicates that the composition of the particles appears to play a secondary role at best. It can 
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also be assumed that the same principles that are demonstrated for IONCs, and now PtNCs 

can be transferred to any other material if they are prepared using the same methods and 

stabilizer. These results lay the foundation for future research on artificially created 

mesocrystals from different materials. It can further be assumed that other fatty acids besides 

the ones presented will achieve similar results, broadening the spectrum of potential 

stabilizers. An obvious benefit that arises from a successful mesocrystal formation is the 

utilization of nonclassical recrystallization. So far, this method has only been demonstrated in 

IONCs.[186] In this work, the nonclassical recrystallization was first performed on a batch of 

PtNCs to purify and narrow down its particle size distribution. This achievement implies that 

many other types of nanoparticles will follow the same principles and can therefore be 

purified by mesocrystallization and subsequent redispersing if they adhere to the same 

formation methods (e.g., gas-phase diffusion, fatty acid stabilized). 

The second section of this thesis, as presented in Chapter 4.3, focuses on implementing the 

mesocrystallization strategies developed in Chapter 4.2 and using them to create binary 

mesocrystals from IONCs and PtNCs. Detailed FE-SEM investigations in preliminary 

experiments on the mono-phase mesocrystals of both particle types showed how seemingly 

perfect mesocrystals tend to incorporate mismatching particles into their superlattices. This 

is assumed due to the polydispersity of the particle dispersions present during the 

mesocrystallization. Consequentially some mismatching particles will be integrated as a point 

defect into the mesocrystalline superlattice. The incorporation of mismatching particles is in 

accordance with the research conducted on nonclassical recrystallization, which showed that 

the number of defects in a mesocrystal lattice increases alongside the polydispersity or 

contamination of the dispersion.[186] With respect to the similarities of PtNCs and IONCs, it can 

be concluded that the addition of one particle type to the particle dispersion of a forming 

mesocrystal (host lattice) of another particle type should lead to the incorporation through 

defect formation. This will result in a Type B binary mesocrystal with random incorporation of 

the secondary particle type if the stabilizer molecules and the particle sizes roughly match 

(Chapter 2.3.2). Through careful modifications of the synthesis procedures of both particles, 

it was possible to create matching mean particle sizes with a difference of less than 0.5 nm. In 

the example of monolayer formation by solvent evaporation, a successful co-assembly of 

IONCs and PtNCs into binary mesocrystalline films was demonstrated and confirmed by means 

of extensive HR-TEM, HR-STEM, HAADF, and EDX line scan analysis (Figure 4-14 | (a) shows a 
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TEM image of a 2D binary self-assembly of a PtNC/IONC particle mixture from hexane with the 

corresponding FFT (insert) indicating a hexagonal particle ordering of c2mm symmetry. HR-

TEM and HAADF analysis (b) show the random incorporation of PtNC into the IONC lattice. 

Complementary SAED (c) displays a preferred particle orientation on the atomic scale. An EDX 

line scan (d) of the binary particle assembly further confirms that the high contrast particles 

are PtNCs.). The random incorporation of PtNCs could be identified, and the orientation of the 

embedded particles was determined by crystallographic analysis via FFT evaluation of HR-TEM 

micrographs. A preferred facet-to-facet alignment along the [020]Pt and [040]magnetite lattice 

planes of the observed superstructures could be identified. By utilizing the gas-phase diffusion 

technique, a successful three-dimensional co-assembly was performed with similar results. 

Due to the small size of the building units (~11 nm) in contrast to the extensive range of the 

obtained specimen, a combination of analytical techniques had to be utilized for the definitive 

characterization of the binary mesocrystal. FE-SEM imaging, EDX analysis, and FFT evaluation 

combined with statistical analysis revealed random incorporation of 0.68 ± 0.04% of PtNCs in 

terms of particle ratio within the IONC host lattice. PtNCs were further determined by HR-TEM 

imaging, SAED, and FFT evaluation along a thin edge of a fragmented mesocrystal piece. The 

same analytical techniques also confirmed a facet-to-facet particle alignment and a 

mesocrystalline long-range order within the three-dimensional superlattice. Synchrotron-

based SAXS investigation provided conclusive confirmation that the observed superstructures 

are highly ordered in a BCT-packed particle assembly. From the synchrotron SAXS data, the 

unit cell parameters could be calculated to be a = b = 34.24 nm, c = 29.24 nm for a I4/mmm 

space group. The final assessment of all the analytical data concluded the successful formation 

of micrometer-sized binary mesocrystals with IONCs providing the host lattice in which small 

amounts of PtNCs are embedded. Pursuing experiments showed that an inverse binary 

mesocrystal, where PtNCs act as the host lattice, can also be realized. A PtNC-based binary 

mesocrystal is achieved by switching the particle concentrations of the dispersion and 

adjusting the solvents from which the binary mesocrystals emerge. From this, it can be 

concluded that a gradual tuning of the particle ratio in binary mesocrystals should be possible. 

In order to achieve such control over the mesocrystal characteristics, future experiments must 

tackle the careful adjustment of mesocrystallization conditions that are needed to improve 

the size and structure of the binary mesocrystals with different mixing ratios. In light of these 
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results, the objective of creating a Type C binary mesocrystal from anisotropic nanoparticles 

with varying shape/size and composition appears to be a realistic objective to pursue. 

With the achievement of a binary mesocrystal formation, this work's third and final article 

was centered around the investigation of its properties (Chapter 4.4). In particular, the 

electrical conductivity of PtNC and IONC mono-phase, as well as binary mesocrystals, were 

determined. First, the conductivity of pure PtNC-based mesocrystals was examined. 

Analogous to Chapter 4.2, micrometer-sized mesocrystals had to be formed on an insulating 

SiO2 coated silicon substrate to ensure that the substrate does not enhance electron flow 

during conductivity measurements. The accomplishment of mesocrystal formation shows that 

mesocrystal formation is not restricted to silicon wafer substrates and can be performed on 

glass and possibly many other surfaces, as was already indicated in Chapter 4.2. Utilizing an 

FE-SEM guided nanoprobing measurement setup, the mesocrystals could be contacted by two 

tungsten tips, and their conductivity was determined by measuring five consecutive voltage 

sweeps. Multiple measurements were conducted on three different PtNC mesocrystal types 

formed from hexane and stabilized by either OLA, LOA, or LLA, as presented in Chapter 4.2. It 

could be shown that the conductivity of the mesocrystals increased alongside the number of 

double bonds within the fatty acid molecules. HR-TEM micrographs of two-dimensional 

reference experiments concluded that the increase in conductivity was linked to a decreasing 

inter-particle distance. The narrower particle gap is caused by the varying geometry of the 

stabilizer molecules, which affects their packing on the nanoparticle surface and the swelling 

behavior in solvents. This correlation provides insight into the electron-conducting 

mechanism, which is arguably caused by an electron tunneling effect, as there is no physical 

contact between the individual PtNCs. The electron tunneling mechanism was further verified 

through a set of temperature-dependent I-V measurements. An exponential increase in 

current flow with elevated temperatures could be detected. This behavior is contrary to a 

metallic conduction behavior and characteristic of a thermally activated tunnel mechanism, 

further validating the argument. The soft and buttery texture of mesocrystals could be 

observed when contacting the samples with the tungsten tips. Concerning future applications, 

such as sensors and electronic devices, a more rigid mesocrystal texture might be required. A 

known method to harden and increase the physical strength of organically stabilized 

superstructures is the heat treatment at 325°C under a nitrogen atmosphere.[109-110] 

Therefore, the samples investigated in this work were heat-treated and subjected to a 
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comparative study of conductivity measurements. A significant increase in conductivity by 

seven orders of magnitude could be observed after heat treatment, while mesocrystal shape 

and structure were retained. Precise HR-TEM and HAADF-STEM examinations show the 

formation of mineral bridges and partial fusion of the individual building blocks explaining the 

substantial increase in conductivity. With respect to the achievements in the formation of 

binary mesocrystals in Chapter 4.3, the conductivity measurements were expanded on IONC 

mono-phase as well as PtNC/IONC binary mesocrystals. It could be demonstrated that the 

conductivity of untreated mesocrystals is barely influenced by the incorporation of a second 

particle type. However, the heat-treated specimen showed that small amounts of PtNCs in an 

IONC host lattice significantly increase its conductivity and vice versa. These findings conclude 

that the observed electron-conducting behavior in binary mesocrystals can either be retained 

or tuned with the number of incorporated particles, depending on the post-processing 

method. With the simple example of electron-conducting properties, the versatile potential 

that such multi-component mesocrystals inhere becomes already apparent. The introduction 

of IONCs into the mesocrystal not only influences its electronic properties but also brings the 

magnetic properties of magnetite into the material. Therefore, pursuing work should focus on 

the investigation of magnetic and superparamagnetic properties of this type of binary 

mesocrystals. Furthermore, a combination of magnetic, electronic, and catalytic properties in 

one system will most likely put forth a multitude of combined properties that will hopefully 

be discovered in future research. 
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6. Allgemeine Schlussfolgerungen und Ausblick 

Dieses Kapitel fasst die in dieser kumulativen Doktorarbeit vorgestellten Ergebnisse 

zusammen, indem es eine Zusammenfassung der jeweiligen Veröffentlichungen, eine kurze 

Schlussfolgerung und einen prägnanten Ausblick gibt. Wie in Kapitel 3 bereits erwähnt, lag der 

Schwerpunkt dieser Arbeit auf der Entwicklung eines binären Mehrkomponenten-

Mesokristalls aus Platin- (PtNCs) und Eisenoxid- (IONCs) Nanowürfeln. Berichte über die 

Bildung von binären Mesokristallen ausgehend von anisotropen Nanopartikeln ist zum 

Zeitpunkt dieser Arbeit in der Literatur nicht vorzufinden. Daher werden diese Berichte einen 

wesentlichen Beitrag zur Grundlagenforschung von Multikomponenten-Nanomaterialien 

leisten. 

In der ersten, in Kapitel 4.2 vorgestellten, Veröffentlichung wurde die Bildung und 

Charakterisierung von mikrometergroßen Mesokristallen auf basis von 10 nm kleinen PtNCs 

erfolgreich demonstriert. Es wurde eine Bibliothek mit neun Mesokristalltypen aus drei 

verschiedenen Lösungsmitteln und drei verschiedenen Stabilisatoren erstellt. Dies 

verdeutlicht die Vielseitigkeit der vorgestellten Methoden. Die Grundlage für diese 

Errungenschaft liegt in den Platinbausteinen selbst. Durch eine geringfügige Änderung der 

experimentellen Parameter bei der PtNC-Synthese selbst konnte gezeigt werden, dass die 

gewählte Methode eine Bildung von PtNCs mit nahezu identischen Größen und Formen 

ermöglicht. Des weiteren wurden die Nanowürfel mittels drei verschiedenen Fettsäuren 

stabilisiert: Ölsäure (OLA), Linolsäure (LOA) und Linolensäure (LLA). Die TEM-Aufnahmen der 

PtNC-Monoschichten zeigen für alle drei Stabilisatoren eine gleichbleibend hohe Tendenz zur 

Selbstorganisation. Interessanterweise zeigen bereits die SAED Beugungsmuster einen 

mesokristallinen Charakter für die zweidimensionalen Assemblierungen. Daraus lässt sich 

schließen, dass fettsäurestabilisierte PtNCs ein vielversprechender Kandidat für die 

Mesokristallisation sind. Ihre Fähigkeit, in verschiedenen organischen Lösungsmitteln 

stabilisiert zu werden, untermauert diese Einschätzung im Hinblick auf eine Anwedung bei der 

Gasphasendiffusionstechnik. Im selben Artikel wurden diese Schlussfolgerungen durch die 

erfolgreiche Bildung der oben erwähnten Bibliothek von Mesokristallen bestätigt. Analog zu 

Beobachtungen bei der Bildung von Mesokristallen auf IONC-Basis wird die Morphologie der 

PtNC-basierten Mesokristalle auch von der Polarität des Lösungsmittels beeinflusst, aus dem 
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die Mesokristalle entstehen.[140] Daraus lässt sich schließen, dass der 

Selbstassemblierungsprozess beider Partikel denselben Prinzipien unterliegt und daher in 

erster Linie von der Partikelform, dem Stabilisator und dem Lösungsmittel gesteuert wird. Dies 

ist für das weitere Ziel der Entwicklung einer Co-Assemblierungs-Methode von Bedeutung, da 

es darauf hindeutet, dass die Zusammensetzung der Partikel bestenfalls eine untergeordnete 

Rolle zu spielen scheint. Es kann auch davon ausgegangen werden, dass die gleichen 

Prinzipien, die für IONCs und nun auch für PtNCs gezeigt wurden, auf viele weitere Material 

übertragen werden können, wenn sie mit den gleichen Methoden und Stabilisatoren 

hergestellt werden. Diese Ergebnisse bilden deshalb die Grundlage für künftige Forschungen 

zu künstlich hergestellten Mesokristallen aus verschiedenen Materialien. Darüber hinaus ist 

davon auszugehen, dass neben den hier vorgestellten Fettsäuren auch andere ähnliche 

Ergebnisse erzielen werden, wodurch sich das Spektrum der möglichen Stabilisatoren 

nochmals erweitert. Ein weiterer, offensichtlicher Vorteil, der sich aus einer erfolgreichen 

Mesokristallbildung ergibt, ruht in der Nutzung für nicht-klassische Rekristallisation. Bislang 

wurde diese Methode nur bei IONCs demonstriert.[186] In dieser Arbeit wurde jedoch die 

nichtklassische Rekristallisation zum ersten mal an PtNCs durchgeführt, um deren 

Partikelgrößenverteilung aufzureinigen und einzuengen. Dieser Erfolg impliziert, dass viele 

andere Arten von Nanopartikeln denselben Prinzipien folgen müssten und daher ebenfalls 

durch Mesokristallisation und anschließende Redispergierung gereinigt werden können, 

sofern sie denselben Bildungsmethoden folgen (z. B. Gasphasendiffusion, Fettsäure 

stabilisiert). 

Der zweite Teil dieser Arbeit, welcher im Rahmen von Kapitel 4.3 vorgestellt wird, 

konzentriert sich auf die Umsetzung der in Kapitel 4.2 entwickelten Mesokristallisations-

strategien und deren Anwendung zur Herstellung binärer Mesokristalle auf basis von  IONCs 

und PtNCs. In Vorversuchen zeigten bereits detaillierte FE-SEM Bildgebung an einphasigen 

Mesokristallen beider Partikeltypen, wie scheinbar perfekte Mesokristalle dennoch dazu 

neigen, unpassende Partikel in ihre Übergitter mit einzubauen. Dies ist vermutlich auf die 

Polydispersität der Partikeldispersionen während der Mesokristallisation zurückzuführen. 

Folglich werden einige, nicht perfekt passende, Teilchen als Punktdefekte in das 

mesokristalline Übergitter eingebaut. Der beobachtete Einbau von nicht passenden Teilchen 

steht auch im Einklang mit den Untersuchungen zur nichtklassischen Rekristallisation, welche 

gezeigt haben, dass die Anzahl der Defekte in einem mesokristallinen Gitter mit der 
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Polydispersität oder Verunreinigung der Dispersion zunimmt.[186] Im Hinblick auf die 

Gemeinsamkeiten von PtNCs und IONCs lässt sich schlussfolgern, dass die Zugabe einer der 

beiden zur Teilchendispersion eines anderen, sich bildenden Mesokristalls (Wirtsgitter) zum 

Einbau durch Defektbildung führen sollte. Dies resultiert in einem binären Mesokristall vom 

Typ B mit zufälligem Einbau des sekundären Teilchentyps, wenn die Stabilisatormoleküle und 

die Teilchengrößen ungefähr übereinstimmen (Kapitel 2.3.2). Durch sorgfältige 

Modifikationen der Syntheseverfahren beider Partikel war es möglich solche 

übereinstimmende, mittlere Partikelgrößen mit einer Differenz von weniger als 0,5 nm zu 

erzeugen. Am Beispiel der Monolagenbildung durch Lösungsmittelverdampfung wurde eine 

erfolgreiche Co-Assemblierung von IONCs und PtNCs zu binären mesokristallinen Filmen 

demonstriert und durch umfangreiche HR-TEM-, HR-STEM-, HAADF- und EDX-Linienanalyse 

bestätigt (Figure 4-14). Eine zufällige Einlagerung von PtNCs konnte identifiziert werden, und 

die Ausrichtung der eingebetteten Partikel wurde an Hand von kristallografischer Analyse der 

FFT ausgewerteten HR-TEM-Aufnahmen bestimmt. Des weiteren konnte eine bevorzugte 

Ausrichtung von Facette zu Facette entlang der [020]Pt und [040]Magnetit Gitterebenen der 

beobachteten Überstrukturen festgestellt werden. Mit Hilfe der Gasphasendiffusionstechnik 

wurde ebenfalls eine erfolgreiche dreidimensionale Co-Assemblierung mit ähnlichen 

Ergebnissen durchgeführt. Aufgrund der geringen Größe der Baueinheiten (~11 nm) im 

Gegensatz zur Größe der erhaltenen Probe musste für die endgültige Charakterisierung des 

binären Mesokristalls eine geschickte Kombination von Analysetechniken eingesetzt werden. 

FE-SEM-Bildgebung, EDX-Analyse und FFT-Auswertung in Verbindung mit einer statistischen 

Analyse ergaben einen zufälligen Einbau von 0,68 ± 0,04 % PtNCs in Bezug auf das 

Teilchenverhältnis innerhalb des IONC-Wirtsgitters. PtNCs wurden außerdem durch HR-TEM-

Bildgebung, SAED und FFT-Auswertung entlang einer dünnen Kante eines gebrochenen 

Mesokristallstücks bestimmt. Dieselben Analyseverfahren bestätigten auch eine 

Kristallfläche-zu-Kristallfläche Ausrichtung der Partikel, sowie eine mesokristalline 

Fernordnung innerhalb des dreidimensionalen Übergitters. Die Synchrotron gestützte SAXS-

Untersuchung bestätigte, dass die beobachteten Überstrukturen in einer basis zentriert 

tetragonal (BZT) gepackten Partikelanordnung hoch geordnet sind. Aus den Synchrotron-

SAXS-Daten konnten auch die Parameter der Einheitszelle die der Raumgruppe I4/mmm 

angehört berechnet werden: a = b = 34,24 nm, c = 29,24 nm. Eine abschließende Bewertung 

aller analytischen Daten ergab die erfolgreiche Bildung mikrometergroßer binärer 
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Mesokristalle, wobei IONCs das Wirtsgitter bilden, in welches kleine Mengen von PtNCs 

eingebettet sind. Nachfolgende Experimente zeigten, dass auch ein inverser binärer 

Mesokristall, bei dem PtNCs als das Wirtsgitter dienen, realisiert werden kann. Ein solcher 

binärer Mesokristall auf der Basis von PtNCs wird erreicht, indem die Teilchenkonzentrationen 

der Dispersion geändert und die Lösungsmittel, aus denen die binären Mesokristalle wachsen, 

angepasst werden. Daraus lässt sich schließen, dass eine graduelle Einstellung des 

Teilchenverhältnisses in binären Mesokristallen möglich sein sollte. Um eine solche Kontrolle 

über die Mesokristalleigenschaften zu erreichen, müssen künftige Experimente die sorgfältige 

Anpassung der Mesokristallisationsbedingungen in Angriff nehmen, die zur Verbesserung der 

Größe und Struktur der binären Mesokristalle mit unterschiedlichen Mischungsverhältnissen 

erforderlich sind. In Anbetracht dieser Ergebnisse scheint auch das Ziel, einen binären 

Mesokristall vom Typ C aus anisotropen Nanopartikeln mit unterschiedlicher Form/Größe und 

Zusammensetzung zu erzeugen, ein realistisches Ziel zu sein. 

Nachdem die Bildung eines binären Mesokristalls gelungen war, konzentrierte sich der dritte 

und letzte Artikel dieser Doktorarbeit auf die Untersuchung seiner Eigenschaften (Kapitel 4.4). 

Insbesondere die elektrische Leitfähigkeit von PtNC und IONC in einphasigen sowie binären 

Mesokristallen wurde bestimmt. Zunächst wurde die Leitfähigkeit von reinen PtNC-basierten 

Mesokristallen untersucht. Analog zu Kapitel 4.2 mussten mikrometergroße Mesokristalle auf 

einem isolierenden SiO2-beschichteten Siliziumsubstrat gebildet werden, um sicherzustellen, 

dass das Substrat den Elektronenfluss während der Leitfähigkeitsmessungen nicht verstärkt. 

Die erfolgreiche Erzeugung von Mesokristallen auf diesen Substraten zeigt, dass die 

Mesokristallbildung nicht auf Silizium-Wafer-Substrate beschränkt ist und auch auf Glas und 

möglicherweise vielen anderen Oberflächen durchgeführt werden kann. Dies wurde bereits in 

Kapitel 4.2 kurz angedeutet. Mithilfe eines FE-SEM-geführten Nanoprobing-Messaufbaus 

konnten die Mesokristalle mit zwei Wolframspitzen kontaktiert und ihre Leitfähigkeit durch 

Messung von fünf aufeinanderfolgenden Spannungsdurchläufen bestimmt werden. Es 

wurden insgesammt mehrere Messungen an drei verschiedenen PtNC-Mesokristalltypen 

durchgeführt, die aus Hexan gebildet und entweder durch OLA, LOA oder LLA stabilisiert 

wurden, wie in Kapitel 4.2 beschrieben. Es konnte gezeigt werden, dass die Leitfähigkeit der 

Mesokristalle mit der Anzahl der Doppelbindungen in den Fettsäuremolekülen zunahm. HR-

TEM Bildgebung von zweidimensionalen Referenzexperimenten ergab, dass der Anstieg der 

Leitfähigkeit mit einem abnehmenden Abstand zwischen den Partikeln direkt 
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zusammenhängt. Der geringere Partikelabstand wird durch die unterschiedliche Geometrie 

der Stabilisatormoleküle verursacht, welche ihre Packung auf der Nanopartikeloberfläche und 

das Quellverhalten in Lösungsmitteln beeinflusst. Diese Korrelation gibt Aufschluss über den 

elektronenleitung Mechanismus, der vermutlich durch einen Elektronentunneleffekt 

verursacht wird, da es keinen physischen Kontakt zwischen den einzelnen PtNCs gibt. Dieser 

Mechanismus anhand von tunnelnden Elektronen wurde durch eine Reihe von 

temperaturabhängigen I-U-Messungen weiter verifiziert. Es konnte ein exponentieller Anstieg 

des Stromflusses bei erhöhten Temperaturen festgestellt werden. Dieses Verhalten steht im 

direkten Gegensatz zu einem metallischen Leitungsverhalten und ist charakteristisch für einen 

thermisch aktivierten Tunnelmechanismus, welches diese Vermutungen weiter untermauert. 

Eine weiche und wachsartige Textur der hergestellen Mesokristalle konnte ebenfalls 

beobachtet werden, wenn die Proben mit den Wolframspitzen berührt wurden. Für künftige 

Anwendungen wie Sensoren und elektronische Geräte könnte jedoch eine festere 

Mesokristalltextur erforderlich sein. Eine bekannte Methode zur Härtung und Erhöhung der 

physikalischen Festigkeit von organisch stabilisierten Überstrukturen ist die 

Wärmebehandlung bei 325 °C unter Stickstoffatmosphäre.[109-110] Dem entsprechend wurden 

die in dieser Arbeit untersuchten Proben sukzessive wärmebehandelt und einer 

vergleichenden Studie mit Leitfähigkeitsmessungen unterzogen. Nach der Wärmebehandlung 

konnte ein signifikanter Anstieg der Leitfähigkeit um sieben Größenordnungen beobachtet 

werden, während Form und Struktur der Mesokristalle erhalten blieben. Präzise HR-TEM- und 

HAADF-STEM-Untersuchungen zeigen die Bildung von Mineralbrücken und eine partielle 

Verschmelzung der einzelnen Bausteine, die den erheblichen Anstieg der Leitfähigkeit 

erklären. Im Hinblick auf die Errungenschaften bei der Bildung von binären Mesokristallen in 

Kapitel 4.3 wurden die Leitfähigkeitsmessungen auf einphasige IONC- sowie binäre 

PtNC/IONC-Mesokristalle ausgeweitet. Es konnte aufgezeigt werden, dass die Leitfähigkeit 

von unbehandelten Mesokristallen durch den Einbau einer zweiten Partikelart kaum 

beeinflusst wird. Die wärmebehandelte Probe zeigte jedoch, dass kleine Mengen von PtNCs 

in einem IONC-Wirtsgitter dessen Leitfähigkeit deutlich erhöhen und umgekehrt. Diese 

Ergebnisse lassen die Schlussfolgerung zu, dass das beobachtete elektronenleitende 

Verhalten in binären Mesokristallen je nach Nachbearbeitungsmethode entweder 

beibehalten oder mit der Anzahl der eingebauten Teilchen eingestellt werden kann. Am 

einfachen Beispiel der elektronenleitenden Eigenschaft wird bereits das vielseitige Potenzial 
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deutlich, das solchen Mehrkomponenten-Mesokristallen innewohnt. Die Einführung von 

IONCs in den Mesokristall beeinflusst nicht nur dessen elektronische Eigenschaften, sondern 

bringt auch die potentiellen magnetischen Eigenschaften von Magnetit in das Material ein. 

Daher sollte sich die weitere Arbeit auf eine Untersuchung der magnetischen und 

superparamagnetischen Eigenschaften dieser Art von binären Mesokristallen konzentrieren. 

Darüber hinaus wird die Kombination von magnetischen, elektronischen und katalytischen 

Eigenschaften in einem System höchstwahrscheinlich eine Vielzahl von kombinierten 

Eigenschaften hervorbringen, die hoffentlich in zukünftigen Forschungsprojekten entdeckt 

werden. 
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Abstract: Platinum nanoparticles are widely known for their numerous electrochemical and catalytic
applications. Enhanced or novel properties that may arise when ordering such particles in a highly
defined manner, however, are still subject to ongoing research, as superstructure formation on
the mesoscale is still a major challenge to be overcome. In this work, we therefore established
a reproducible method to fabricate micrometer-sized superstructures from platinum nanocubes.
Through small-angle X-ray scattering and electron diffraction methods we demonstrate that the
obtained superstructures have a high degree of ordering up to the atomic scale and, therefore,
fulfill all criteria of a mesocrystal. By changing the solvent and stabilizer in which the platinum
nanocubes were dispersed, we were able to control the resulting crystal habit of the mesocrystals.
Aside from mesocrystal fabrication, this method can be further utilized to purify nanoparticle
dispersions by recrystallization with respect to narrowing down the particle size distribution and
removing contaminations.

Keywords: mesocrystal; self-assembly; platinum; nanoparticle; nanocubes; superlattice; superstructure

1. Introduction

The fabrication of novel nanostructured materials via nanoparticle aggregation and
self-assembly has proven to be one of the most promising superstructure formation path-
ways in the last decade [1–6]. The inherent particle-mediated nonclassical crystallization
pathway of these processes has raised increasing scientific attention in more recent re-
search [7–14]. Consequently, researchers have discovered that the behavior of a controlled
aggregation and self-assembly can further be utilized to create astounding new materials
with exciting properties [6,15–19]. In particular, colloidal methods have been demonstrated
to enable access to highly ordered structures with unique functionalities [20–22]. Although
most research in this field is focused on isotropic, spherical nanoparticles which usually
self-assemble into close-packed superlattices, anisotropic nanocrystals have been shown to
achieve even more complex superstructures [23,24]. While controlled self-organization of
particles on the nanoscale was discovered in the 1960s, a clear and systematic description
of such assemblies is often not provided [25,26]. In 2005, Cölfen and Antonietti there-
fore proposed a definition of colloidal crystals, which form from nonspherical crystalline
building units in the form of oriented superstructures with common outer faces, and
termed them mesocrystals [8]. Due to the compelling new properties of these materials,
the scientific interest in mesocrystals has since increased rapidly [7,9–13,27]. Furthermore,
mesocrystals can serve as a model system when it comes to the investigation of nonclassical
crystallization processes as a result of their particle-based nature [7,11,28,29].

Based on the given IUCr definition of a “crystal”, the term “mesocrystal” itself was
further specified in 2016 when Cölfen and Sturm have proposed a more distinct definition
for a mesocrystal to be “a nanostructured material with a defined long-range order on
the atomic scale (in at least one direction), which can be inferred from the existence of an
essentially sharp wide angle diffraction pattern (with sharp Bragg peaks) together with
clear evidence that the material consists of individual nanoparticle building unis” [11].
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More recent work highlights the controlled self-assembly of oleic acid (OLA) stabilized
iron oxide nanocubes into highly ordered arrays with lateral dimensions on the micrometer
scale [30]. The detailed investigation of this process, which was carried out by Brunner et al.
and Bergström et al., yielded findings that are crucial for understanding the packing
arrangement and orientational ordering of cubic magnetite nanoparticles in two- and
three-dimensional superlattices [31–34].

By utilizing the gas-phase diffusion technique, it is possible to synthesize up to
millimeter-sized, highly crystalline mesocrystals from relatively uniform nanoparticle
solutions. Therefore, it is worth investigating whether the observed assembly behavior can
be transferred onto other materials and particles. Nanometer-sized platinum particles can
be widely used in many applications today due to their unique catalytic and electrochemical
properties [35,36]. With the rise of metamaterials, the desire for methods in order to obtain
highly ordered platinum nanostructures is very compelling and therefore the first logical
step towards a variety of new platinum-based materials with high surfaces and defined
structures [23]. Having control over nanocrystal shape is a key factor when it comes to
mesocrystal formation [7]. Hence, recent advancements in platinum nanoparticle synthesis
gave access to anisotropic platinum nanocubes and various assembly strategies [37–39].
However, the role of different solvents or stabilizers on the formed superstructures has not
yet been evaluated.

In this work, we therefore utilize the gas-phase diffusion technique to self-assemble
platinum nanocubes into large, micrometer-sized mesocrystalline superstructures and
explore their structures and the effect of solvent and stabilizer variation. The distinct
crystal habit and the extensive amount of mesocrystals, which can be obtained from this
method, allow us to observe crystallographic features from their habitus without the use of
sophisticated synchrotron-based diffraction techniques. This further enables a controlled
mesocrystal formation for either particle recrystallization or metamaterial fabrication
without the residual dispersion contamination of solvent evaporation.

2. Materials and Methods
2.1. Chemicals

Tungsten hexacarbonyl (99%) and platinum (II) acetylacetonate (98%) were purchased
from abcr. Linoleic acid (LOA) (99%), toluene (99.8+%) and oleylamine with a C-18 content
of 80–90% were provided by Acros Organics (Geel, Belgium). Linolenic acid (LLA) (70%) is
a TCI product (Tokyo, Japan). Oleic acid (99%) was received from Alpha Aesar (Kandel,
Germany). Tetrahydrofuran (100%), hexane (98%) and ethanol (99.8+%) were purchased
from VWR and Roth (Fontenay-sous-Bois, France). All chemicals were used without
further purification.

2.2. Platinum Nanocubes

Platinum nanocubes with various fatty acids as stabilizers have been synthesized
according to a slightly modified procedure, which has already been reported in the liter-
ature [37]. A mixture of 40 mg platinum (II) acetylacetonate and 3.56 g of fatty acid in
16 mL of oleylamine was placed in a two-neck Schlenk flask equipped with a condenser
and attached to a Schlenk line. The mixture was heated to 120 ◦C under nitrogen atmo-
sphere and vigorous stirring. After adding 100 mg of tungsten hexacarbonyl, the solution
temperature was raised to 240 ◦C over the course of 45 min and kept at this temperature
for a further 45 min under continuous stirring before cooling to room temperature again.
The crude product was then separated by centrifugation at 9000 rpm for 15 min and subse-
quently washed with anhydrous hexane for three cycles. The final product in the form of a
black oily solid was redispersed in hexane, toluene or tetrahydrofuran and stored under
light exclusion.



Nanomaterials 2021, 11, 2122 3 of 10

2.3. 2D Self-Assemblies

Two-dimensional self-assemblies were fabricated via the solvent evaporation tech-
nique [31]. To a stable particle dispersion of diluted platinum nanocubes in tetrahydrofuran,
toluene or hexane (0.5 mg/mL) the appropriate stabilizing fatty acid was added to obtain a
concentration of 3 µL/mL. The substrate was placed penetrating the solvent/air interface
and the solvent slowly evaporated in order to obtain self-assembled monolayers.

2.4. Mesocrystal Formation

Mesocrystals were synthesized by utilizing the gas-phase diffusion technique. Into a
1 mL flat bottom glass, 300 µL of a prepared particle solution containing 3 µL/mL fatty acid
(99% pure) and a cleaned 5 × 7 mm silicon wafer snippet was added. The silicon snippet
had been cleaned by gradual ultrasonification in ethanol, isopropanol, acetone, ethylacetate,
toluene and toluene p.a. for 10–15 min each. The prepared 1 mL flat-bottom glass was
then placed into a 5 mL screw cap vial containing 1.5 mL of an ethanol/solvent (50:50)
mixture. The vial was then stored in a desiccator containing an ethanol-rich atmosphere
for several days. The silicon snippet was carefully removed when mesocrystal formation
was completed, dipped in ethanol and dried in air.

2.5. Analytics

Transmission electron microscopy (TEM) analysis was performed on a ZEISS LI-
BRA120 instrument (Carl Zeiss AG, Oberkochen, Germany) using 200 mesh carbon-coated
copper grids and a 120 kV acceleration voltage. FESEM imaging was carried out on a Carl
Zeiss CrossBeam 1540XB Microscope (Carl Zeiss AG, Oberkochen, Germany) equipped
with a BSE detector using acceleration voltages of up to 10 kV. Samples were plasma cleaned
for 60 s using a MiniFlecto from Plasma technologies (Herrenberg-Gülstein, Germany) for
better imaging. To perform energy-dispersive X-ray (EDX) measurements, the microscope
was equipped with an INCA X-Sight 7427 10 mm2 from Oxford Instruments (Abingdon,
UK). SAXS measurements were conducted using a SAXS Nano Star device from Bruker
(Billerica, MA, USA) equipped with a Vantec 500 detector.

3. Results

Platinum nanocubes were synthesized according to the literature in order to obtain
particles with an average size of 10.7 ± 1.0 nm [37]. The reported synthesis yields a stable
particle dispersion of primary cubic nanocrystals that are similar in size, shape and aspect
ratio (Figure 1a–c). Particles are in situ stabilized by OLA and show a high tendency
towards self-organization into two-dimensional monolayers upon solvent evaporation
on the TEM sample holder. Selected area electron diffraction (SAED) analysis further
displays a long-range order on the atomic scale, confirming the mesocrystalline nature of
these assemblies. Besides particle size and shape, it has been observed that the stabilizer
swelling, as well as the used solvents, might play a crucial role when it comes to particle
self-organization [40]. To investigate if these observations are prevalent in other materials
as well, we used platinum nanoparticles and modified the reported synthesis route in
order to obtain various batches of platinum nanocubes coated with different stabilizers.
Therefore, we chose to make use of a variety of fatty acids such as LOA and LLA as the
primary stabilizer due to their chemical similarities to OLA. Unlike the common pathway
of ligand exchange, the new stabilizers can be introduced through substitution of OLA
in the particle synthesis route due to their chemical similarities. The obtained particle
dispersions have a similar shape and size distribution and also show specific IR absorption
for carbonyl vibration modes at 1645 and 1710 cm−1, which is exclusive to the used fatty
acids, illustrating their important role in particle stabilization (Figure S1) which has already
been discussed by Zhang et al. [37]. All three particle types can be successfully transferred
to various organic solvents (tetrahydrofuran, toluene or hexane) to obtain a variety of
particle dispersions that stay stabilized over multiple weeks when stored under exclusion
of light. Analogous to what has been observed for OLA-stabilized platinum nanocubes,
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we also investigated the self-assembly behavior of all three types of particles. We again
found a high tendency towards self-assembly into 2D mesocrystalline films upon solvent
evaporation on the TEM grid (Figure 1c–e). The high degree of particle ordering can be
seen in the provided TEM images, which has been verified by fast Fourier transformation
(FFT). It can be observed that the 2D self-assembly behavior for various platinum nanocube
batches is very similar, regardless of whether OLA, LOA or LLA has been used as the
stabilizer. It is most common to observe large arrangements of particles in a primitive cubic
packing; however, in some cases, they show a slight tendency towards a more hexagonal
ordering. Mesocrystallinity of the obtained 2D assemblies has been further approved via
SAED for all samples, as shown in Figure 1c–e inset. The SAED patterns clearly show
a preferred particle orientation down to the atomic scale along their crystallographic
directions, which are in correlation to the observed particle ordering. The spatial freedom
of each particle—which is provided by the stabilizer shell around it—results in arcs instead
of single reflexes, which can be observed in the diffraction patterns as a result of the slight
particle tilting within the lattice.
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Figure 1. (a,b) The particle size and aspect ratio distribution of a batch of OLA-stabilized platinum nanocubes imaged by
TEM (c) with an average size of 10.67 ± 0.98 nm. The upper inset shows an electron diffraction pattern that indicates a
preferential orientation of the nanocubes on the atomic level, while the FFT (lower inset) indicates a slight ordering of the
particles. TEM images (d,e) with their corresponding ED and FFT analysis further confirm these findings for LOA (d) and
LLA (e) stabilized platinum nanocubes as well.

A much more extensive particle ordering can be achieved by slow and controlled
solvent evaporation on a silicon wafer substrate, as shown in Figure 2 on the example of
particle dispersion in toluene stabilized with LOA.

This strong tendency towards self-assembly can also be observed when assembling
particles via the so-called gas-phase diffusion technique. Due to the very slow diffusion
of an antisolvent into the solvent of a stable particle dispersion, large crystals gradually
form over time. Such crystals, which formed from a stable hexane particle dispersion of
1.7 mg/mL of OLA-stabilized platinum nanocubes and ethanol as the selected antisolvent,
are displayed in Figure 3a. The shown superstructures emerge over the course of 14 days
preferably on the polished silicon wafer substrate within the solution but can also occur on
other surfaces within the particle solution, such as the glass vial for example (Figure S2).
EDX measurements were performed to confirm platinum and carbon as the predominant
elements within the observed superstructures. These measurements were complemented
by fragmentation and subsequent transfer of the crystals onto a TEM grid to conduct SAED
through the thinned corner of the superstructures (Figure S3).
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Figure 3. (a) FESEM images of various mesocrystals obtained from OLA-stabilized platinum nanocubes in hexane using the
gas-phase diffusion technique with ethanol as the antisolvent. SAXS measurements Electron diffraction results (b) reveal a
preferred crystallographic direction in which the individual particles orient. Together with SAXS measurements (c) of multi-
ple mesocrystals, which show a high degree of particle ordering, it is evident that these superstructures are mesocrystalline.
(d). The ordering on the surface appears to be hexagonal in at least one direction, which is confirmed by the FFT shown in
the inset and in good agreement with previous findings by Li et al. [38].

In Figure 3b, the diffracted electron reflexes of such crystal fragments show a preferred
crystallographic direction along which most particles within the superstructure orient
themselves. This demonstrates a long-range order of atoms throughout the whole particle
assembly, which is a key criterion for mesocrystals. In combination with the analysis ob-
tained from small-angle X-ray scattering (SAXS) measurements, we can further prove that
we were able to obtain platinum-nanocube-based mesocrystals. Evaluation of the SAXS
data displays an average particle periodicity of 10.8 ± 3.2 nm over a multitude of scanned
mesocrystals, which is in good accordance with the particle size of our samples (Figure S4).
Due to the small size of the mesocrystals, it is not possible to investigate the exact crystallo-
graphic structure with the available beam size of a standard X-ray source. Nevertheless, the
majority of the mesocrystals show a trigonal habitus with a size of roughly 10–20 µm. In
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addition, the apparent hexagonal particle ordering on the mesocrystal surface (Figure 3d)
strongly suggests an underlying hexagonal crystal system. These observations are in good
agreement with the obtuse rhombohedral superlattice structure, which has been found by
Li et al. for platinum nanocube self-assemblies formed from solvent evaporation [38]. This
suggests that both assembly pathways follow a similar nonclassical crystallization process
yet their assembling strategies are quite different. However, extensive analytical effort in
form of synchrotron-based wide- and small-angle diffraction would be needed in order to
clarify if they exhibit exactly the same crystallographic structure.

As mentioned before, the gas-phase diffusion process of ethanol into hexane to form
the mesocrystals is a very slow process, which is why mesocrystal formation takes place
over the course of several weeks. By reducing the time scale at which mesocrystals
form, we want to investigate a faster formation route and explore how this will impact
the mesocrystal morphology to learn more about the formation of these crystals. The
key advantage of the gas-phase diffusion technique is that mesocrystals can be obtained
from various organic solvents as long as the nanoparticle dispersions are stable in the
chosen solvent. When choosing a slightly more polar substance as the primary solvent,
a smaller amount of antisolvent is needed in order to destabilize the particle dispersion,
which can reduce mesocrystal formation time from 14+ days (hexane) down to 24 h
(tetrahydrofuran). Thus, we investigated mesocrystal formation of platinum nanoparticles
from three different solvents: hexane, toluene and tetrahydrofuran. In addition, we also
examined crystal formation from particles stabilized with three different fatty acids: OLA,
LOA and LLA. In all nine cases, we managed to obtain micrometer-sized mesocrystals of
larger quantities. Table 1 gives an overview of crystallization times and the resulting shape
of the obtained crystals.

Table 1. Crystallization times for mesocrystals from platinum nanocubes in various dispersion
solvents and their resulting predominant crystal shape.

Dispersion Solvent Crystallization Time Predominant Crystal Shape

tetrahydrofuran 1 day polycrystalline
toluene 7–14 days trigonal truncated pyramid
hexane 14–28 days rhombohedral

Observations across multiple sample batches reveal that platinum mesocrystals grown
from particle dispersions in either hexane or toluene emerge into highly defined crystals
with smooth surfaces and distinct habitus, whereas mesocrystals from THF feature less
determined structures (Figure 4). A more detailed investigation suggests that crystals
grown from hexane primarily result in rhombohedral-shaped crystals, which is again
further evidence related to the hexagonal packing of the particles observed earlier. This
is in further agreement with the results of a similar system, reported in the literature [38].
Mesocrystals obtained from toluene, on the other hand, predominantly exhibit a trigonal
truncated pyramid habitus. The reason for this can be seen in the different swelling of the
stabilizer layer on the crystal surface, which changes the external shape of the nanoparticle
and thus the packing possibilities. The mesocrystal formation in THF, however, results
primarily in undefined crystals with a significant amount of observable defects. These
defects are most prevalent in form of crystal twinning and grain boundaries, as seen
in Figure 4 and Figure S5. Platinum nanocube mesocrystals crystallized from THF can
therefore be considered as mostly polycrystalline in the sense that they exhibit multiple
mesocrystalline domains. We assume that this is a result of the accelerated destabiliza-
tion of the particle dispersion via the gas-phase diffusion when using THF. In addition
to the high-resolution SEM imaging of the mesocrystal surface, it is indicated that the
hexagonally packed platinum nanoparticle planes stack in a face-centered cubic manner
when observed at these grain boundaries. However, advanced synchrotron-based SAXS
and WAXS analytics would be needed to exactly clarify the mesocrystalline structure of
such small crystals, as stated earlier [38]. It is noteworthy to mention that various other
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crystals with a different shape can also be found in each sample; however, the majority of
the crystals were identified as the above stated. While the chosen solvent appears to have a
substantial impact on the mesocrystal formation process as discussed, we also managed to
utilize a variety of different nanoparticle stabilizers while maintaining micrometer-scale
mesocrystal formation. It could be shown that it is possible to obtain mesocrystals from all
three stabilizers (OLA, LOA and LLA) in all three solvents (hexane, toluene and tetrahydro-
furan). Although all three stabilizers are very similar regarding their chemical composition,
they exhibit essential physical differences such as solubility or melting temperature. The
latter is a very important feature when it comes to future investigation on the role of
temperature during mesocrystal formation. The much lower melting point of LLA (−11
◦C) in comparison to OLA (+16 ◦C), for example, enables a much broader temperature
range at which nonclassical crystallization can be conducted and examined.
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Figure 4. A library of representative mesocrystals obtained from platinum nanocubes stabilized by three different fatty
acids (OLA, LOA and LLA) in three different organic solvents (tetrahydrofuran, toluene and hexane). Mesocrystal shape
appears to be influenced mainly by the solvent rather than the stabilizer, as mesocrystals crystallized from hexane exhibit
a hexagonal shape, mesocrystals from toluene exhibit a truncated trigonal pyramidal shape and mesocrystals from THF
exhibit an undefined polycrystalline shape.

So far, we were able to demonstrate the feasibility of the gas-phase diffusion technique
to synthesize platinum-nanocube-based mesocrystals analogous to iron oxide nanocubes.
In a complementary study, our group further reported on the utilization of this method for



Nanomaterials 2021, 11, 2122 8 of 10

recrystallization of a stable particle dispersion to narrow down its size distribution [41].
Similar to recrystallization, as it is commonly used in organic and inorganic preparative
chemistry, a batch of crude nanoparticles can slowly crystallize from solution as described
above. Subsequent to the removal of the supernatant solution, the remaining crystals can
be redispersed in compatible organic solvents to obtain a recrystallized particle sample. We
therefore investigated the applicability of this method for the herein described platinum-
nanocube-based mesocrystals. Figure 5a shows examples of crude and a recrystallized
samples of LOA-stabilized platinum nanocube particle dispersion in tetrahydrofuran. After
one recrystallization cycle of 24 h, the polydispersity of the particle solution decreased
notably (Figure 5b), which is indicated by a 19% reduction in the full width at half maximum
(FWHM) of the Gaussian fit from 2.16 to 1.76 nm. Additionally, the evaluation of the aspect
ratios of the recrystallized particles indicates the removal of the cuboid and rod-shaped
particles, which can be seen in the provided TEM images and the measured aspect ratios
illustrated in Figure 5c.
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Figure 5. (a) TEM image of a crude batch of platinum nanocubes with the corresponding particle size distribution; (b) TEM
image and corresponding particle size distribution of the same batch as shown in (a) after recrystallization from THF within
24 h; (c) comparison of particle aspect ratio distributions of both samples: crude (a) and recrystallized (b).

4. Conclusions

The strong tendency towards self-assembly of fatty-acid-stabilized platinum nanocubes
was utilized in this work to establish a gas-phase diffusion synthesis route to assemble
platinum nanocubes into highly ordered superstructures. These superstructures in form
of micrometer-sized crystals were subsequently identified as mesocrystals by the means
of SEM, SAXS and ED due to their long-range particle ordering on the atomic scale. By
controlling various parameters such as particle concentration, diffusing agent, solvent type
and crystallization time, we were able to find the conditions under which the nonclassical
crystallization process reproducibly yields large quantities of platinum-nanocube-based
mesocrystals. We also highlighted how this technique allows the fabrication of platinum
mesocrystals from either different organic solvents or variable stabilizers in the form of
three different fatty acids. Furthermore, we verified our previous observations that this
method can be used to purify a platinum particle dispersion by narrowing down the parti-
cle size distribution through recrystallization from mesocrystals. In addition, the observed
crystallinity and crystal habits of the platinum-nanocube-based mesocrystals appear to
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be driven by the properties of the used particles and the solvent they are dispersed in.
Although we were able to determine the conditions under which the platinum mesocrystals
form, there are still several factors that play a major role in mesocrystal formation and
are yet to be understood. Among them are nanoparticle shape, stabilizer swelling and
the solvation shell in different solvents, which can have a significant consequence on the
packing and morphology of the mesocrystal [40]. Our results outline that these factors are
relevant for platinum-nanocube-based mesocrystals. By demonstrating the ability to obtain
comparable mesocrystals from building blocks stabilized through various surfactants,
we provide a practical toolkit that can be used for a broad investigation of fundamental
nonclassical crystallization processes at different temperatures.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11082122/s1, Figure S1: IR absorption spectra of fatty-acid-stabilized platinum nanocubes.
Figure S2: Platinum mesocrystals on quartz surfaces, Figure S3: Elemental analysis of platinum
mesocrystals, Figure S4: Small-angle X-ray scattering of platinum mesocrystals, Figure S5: Polycrys-
talline platinum mesocrystals.
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Figure S1: IR Absorption Spectra of Fatty Acid Stabilized Platinum Nanocubes. ATR-IR spectra of 

platinum nanocubes stabilized by OLA, LOA and LLA in comparison to reference spectra of pure 

OLA, LOA and LLA as well as Oleylamine which is also used for particle synthesis. Shown are the 

typical wavenumbers for carbonyl vibration modes. Shifted carbonyl modes are due to the binding 

on the platinum particle surfaces. 
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Figure S2: Platinum Mesocrystals on Quartz Surfaces. OLA stabilized Pt Nanocube mesocrystals 

formed on a quartz glass surface (left image) shown in FESEM image (right image). The formation of 

multiple micrometer sized superstructures on the quartz glass surface can be observed in in this and 

all the other samples. 

 

 

Figure S3: Elemental Analysis of Platinum Mesocrystals. Upper images show point EDX analysis 

(a) of the OLA stabilized platinum nanocube based mesocrystal imaged by SEM (b). Image (c) 

illustrates the integrated radial intensity of the diffraction signals of the SAED in Figure 3b with the 

corresponding platinum [hkl] references of the fragmented platinum mesocrystal piece shown in 

TEM image (d) 

 



 

 

 

Figure S4: Small Angle X-Ray Scattering of Platinum Mesocrystals. SAXS analysis of a multitude of 

OLA stabilized platinum nanocube mesocrystals formed from hexane. Three main signals have been 

identified and corrected via a Guassian peak fit to determine the peak center and its width. The main 

signal at 10.8 ± 3.2 nm is in good accordance with the determined particle size (10.8 ± 3.2 nm) of the 

used particles. Signals at 6.1 ± 0.9 nm and 4.3 ± 0.5 nm most likely correspond to diffraction signals of 

higher miller indices which cannot be properly determined without the use of synchrotron based 

SAXS from various angles. 

 

 

Figure S5: Polycrystalline Platinum Mesocrystals. FESEM images of polycrystalline LOA stabilized 

platinum nanocube based mesocrystals crystallized from THF over the course of 24 hours. On the left 

image, a mesocrystal with various twinning defects is shown. The right image highlights the 

polycrystalline character of the mesocrystal, showing various mesocrystalline domains in the crystal 

which are oriented in a different direction, revealing a cubic stacking of the hexagonally ordered 

planes of particle arrays. 
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Abstract: Binary mesocrystals offer the combination of nano-
crystal properties in an ordered superstructure. Here, we
demonstrate the simultaneous self-assembly of platinum and
iron oxide nanocubes into micrometer-sized 3D mesocrystals
using the gas-phase diffusion technique. By the addition of
minor amounts of a secondary particle type tailored to nearly
identical size, shape and surface chemistry, we were able to
promote a random incorporation of foreign particles into
a self-assembling host lattice. The random distribution of the
binary particle types on the surface and within its bulk has been
visualized using advanced transmission and scanning electron
microscopy techniques. The 20–40 mm sized binary mesocrys-
tals have been further characterized through wide and small
angle scattering techniques to reveal a long-range ordering on
the atomic scale throughout the crystal while showing clear
evidence that the material consists of individual building
blocks. Through careful adjustments of the crystallization
parameters, we could further obtain a reverse superstructure,
where incorporated particles and host lattice switch roles.

Introduction

Nanoparticle self-assembly is one of the most promising
aspects when it comes to the generation of novel nano-
structured materials.[1–8] As a result, researchers have found
that utilizing controlled self-assembly can lead to astounding
new materials with exciting properties and unique function-

alities.[9–11] This is not only restricted to isotropic spherical
nanoparticles, which usually self-assemble into close-packed
superlattices, but is especially true for anisotropic nano-
crystals, which have shown to achieve even more complex
superstructures and directional properties.[12–14] Controlled
self-organization on the nanoscale has already been observed
many years ago within the internal structure of BaSO4 or rod-
like particles of CeIV minerals.[15, 16] However, a clear and
systematical description was not established until 2005 when
mesocrystals were described as a new type of colloidal
crystals, which formed from non-spherical crystalline building
units as oriented superstructures with common outer faces.[17]

Since then, the interest in mesocrystals has increased rapidly,
not only due to their fascinating new characteristics combin-
ing the properties of nanocrystals with those of larger
assemblies such as superparamagnetic behavior for particle
sizes exceeding the range for superparamagnetism,[18] but also
based on their characteristic to serve as a model system for
non-classical crystallization behavior.[19–22] In addition, meso-
crystals received a lot of recognition due to their presence in
various biological materials like nacre or sea urchin
spines.[23–25] Based on the given IUCr definition for crystals,
a more distinct definition for a mesocrystal was later proposed
to be “a nanostructured material with a defined long-range
order on the atomic scale (in at least one direction), which can
be inferred from the existence of an essentially sharp wide
angle diffraction pattern (with sharp Bragg peaks) together
with clear evidence that the material consists of individual
nanoparticle building units”.[20]

In more recent work the controlled self-assembly of oleic-
acid-stabilized iron oxide nanocubes into highly ordered
arrays with lateral dimensions on the micrometer scale has
been conducted[26] and the structure formation process was
studied.[27, 28] This system was investigated in more detail to
contribute knowledge crucial for the understanding of pack-
ing arrangement and orientational order of cubic iron oxide
nanoparticles in two- and three-dimensional superlatti-
ces.[29,30] These findings are not exclusive to iron oxide
nanoparticles, as a similar behavior could be further demon-
strated on the example of platinum nanocubes.[31,32]

When it comes to the growth of multicomponent super-
lattices however, the assembly process is far more sophisti-
cated due to the distinct pairwise interactions alongside the
space-filling rules that often drive self-assembly and potential
particle fusion in the first place.[33–35] So-called binary nano-
crystal superlattices (BNSLs) have been investigated inten-
sively in recent years, as the resulting metamaterials promise
to show exciting new properties because of their structure-
dependent collective properties and self-organization.[36–39]

Especially, anisotropic nanoparticle assemblies have been of
great interest due to their shape-dependent properties
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provided by an additional degree of freedom.[40–43] Research,
however, has also laid out that the formation of BNSLs
beyond layered membranes still remains a major issue until
today. To the best of our knowledge, no work was reported on
binary 3D mesocrystals despite their promising potential.
Herein, we report the self-assembly of iron oxide (Fe3O4)
nanocubes (IONC) as well as platinum nanocubes (PtNC)
into large mesocrystalline superstructures to demonstrate for
the first time the formation of binary 3D mesocrystals
containing both particle types.

Results and Discussion

IONCs were synthesized using a two-step process, first
synthesizing an iron oleate precursor to subsequently form ca.
12 nm sized, monodisperse cubes stabilized by oleic acid in
various organic solvents, such as toluene, hexane or tetrahy-
drofurane (Supplementary Information, Materials and Meth-
ods). The resulting particles were then recrystallized in order
to obtain a stable 11.9: 0.8 nm IONC particle dispersion with
a much narrower size distribution by utilizing the gas-phase
diffusion method to form large mesocrystals on a silicon
substrate prior to redispersing them in the preferred solvent
(Supplementary Information 1). This method has already
been reported for cubic iron oxide as well as platinum
nanoparticles.[32,44] A recrystallized particle sample is shown
in Figure 1 a. In order to gain insight into the specific
mesocrystal structure of our samples with regards to appli-
cable characteristics, which can be exploited for a binary
mesocrystal formation, further in-depth experiments were
conducted. Recrystallized IONCs have been assembled from
hexane into tetragonal-shaped 10–30 mm sized mesocrystals
by using the gas-phase diffusion technique (Figure 1b) and
subsequently broken apart with a micromanipulator to reveal
their inner bulk structure. Field-Emission Scanning Electron
Microscopy (FE-SEM) imaging at very high resolutions
displayed that our IONC particles preferably self-assemble
into stacked layers of hexagonally ordered particles (Fig-
ure 1b–d). Fast Fourier Transformation (FFT) of the particle
arrays (Figure 1d, insert) displays a c2mm symmetry due to
the slight distortion of the hexagonal ordering as a result of
the “bump-to-hollow” packing principle of IONCs.[29] These
findings suggest a tetragonal crystal system, which is in good
agreement with their mesocrystal habit as seen in Figure 1b.

In addition, the FE-SEM images reveal interesting
features of the inherent defects within the mesocrystalline
superlattice as illustrated in Figure 1d. The most common
imperfections of these mesocrystals are point defects, which
often incorporate differently sized or shaped particles into the
vacancy of the predominant particle lattice. Although meso-
crystals show similarities when compared to a classical atomic
crystal in many ways, one key difference can be found in their
inherent building block uniformity. Whereas atoms always
exhibit the exact same size and shape, nanoparticle disper-
sions in contrast possess a wide range of these attributes, no
matter how narrow their size distribution is. We suppose that
small amounts of “misfit” particles are implemented during
crystal growth as a result of defect formation due to the slight

polydispersity of the parent particle dispersion. These find-
ings further suggest that the formation of our mesocrystals is
not exclusively limited to particles of perfect size and shape in
contrast to the formation of atomic crystals. They further
imply a strong correlation between the composition of the
parent particle dispersion and their resulting mesocrystalline
structure. We conclude that the incorporation of particles of
different material (such as platinum) into a host system of
highly ordered nanocube arrays may be accessible by
exploiting this behavior. However, it is still very important
to utilize nanoparticles of a similar size and shape in order to
promote the probability of foreign particle incorporation
within the host lattice as the illustration of a binary super-
lattice in Figure 1e implies. To test our assumptions, we
synthesized PtNCs using oleic acid as stabilizing agent to
retrieve stable particle dispersions in various organic solvents,
particularly in toluene and hexane with a similar size and
shape (Supplementary Information, Materials and Methods).
Based on the obtained particle size of the PtNCs, the
previously described two-step synthesis of IONCs had to be
tuned to achieve a complementary particle size by increasing
the heating ramp rate and reducing the duration at reflux

Figure 1. TEM image of Fe3O4 nanocubes (IONC) (a) and the size
distribution of the nanoparticle dispersion (b) with an average size of
11.9:0.8 nm and a FWHM of 1.5:0.1 nm evaluated by software with
the corresponding Gauss fit in red. FE-SEM images show micrometer-
sized IONC-based mesocrystals with distinct tetragonal habit (b) as
well as their bulk (c) and surface (d) ordering of the nanoparticles. FFT
analysis of the mesocrystal surface (insert, scale bar 0.2 nm@1) reveals
a tetragonal particle ordering. Magnification of the point defects
displays the incorporation of “misfit” particles within the otherwise
perfect superlattice. Figure (e) illustrates the concept of a random
platinum nanocube (PtNC, gray) incorporation into a mesocrystalline
IONC (blue) host lattice.
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temperature as further annotated in the Supplementary
Information 1.

The so tailored nanocubes of platinum (11.5: 1.1 nm) and
iron oxide (11.9: 0.8 nm), likewise stabilized by oleic acid in
hexane, differ less than 0.5 nm in their size average according
to a software-based particle analysis (Figure 1 a) and were
therefore utilized to conduct all further investigations into the
binary self-assemblies. First, the fabrication of 2D binary
monolayers was conducted by self-assembling a stable par-
ticle dispersion of an IONC and PtNC mixture with a 20 to
1 (IONC to PtNC) mass ratio over the course of 60 minutes
via the solvent evaporation technique. A strong excess of
IONCs was chosen to facilitate the incorporation of PtNCs
within the IONP host lattice. In order to keep the evaporation
speed at a low rate, the solvent was evaporated in a partially
saturated atmosphere of hexane. The resulting arrays of the
binary particle mixture were characterized by Transmission
Electron Microscopy (TEM) techniques as shown in Figure 2.

Figure 2a indicates an even distribution of PtNCs within
IONC arrays roughly matching the initial mixing ratio of 20 to
1 (IONC to PtNC) as revealed by statistical analysis that
determined a PtNC content of 4.35% (Supplementary
Information 3). The high atomic number of platinum atoms
leads to a stronger contrast in the TEM images revealing the
positions of the PtNCs within the assembly. Evaluation of the
observable lattice planes of each particle in High-Resolution
TEM images consolidate this presumption (Supplementary
Information 2). To confirm this, we conducted High-Resolu-
tion Scanning Transmission Electron Microscopy (HR-
STEM) to map the particle arrays with a High Annular
Dark-Field Detector (HAADF), which detects the incoher-
ently scattered electrons from the atomic nuclei and is

therefore highly sensitive to the variations in the nuclear
charge number of our material. Figure 2b shows such a map,
where the PtNCs can clearly be distinguished from the
IONCs. Additionally, an Energy Dispersive X-Ray (EDX)
line scan along such a binary particle array was performed as
shown in Figure 2b,d to confirm our observation. In general,
the PtNCs were found to be randomly distributed inside the
host lattice, replacing single IONCs at their positions.
Although somewhat distorted, the hexagonal particle order-
ing of the IONC assemblies can still be observed regularly
within the examined particle assembly domains in contrast to
the more cubic ordering which is usually preferred by the
PtNCs (Figure 2a, insert). The overall structure, however,
appears to be only slightly less ordered when compared with
pure IONC assemblies. These findings affirm our presump-
tions that the prepared particle mixtures can self-assemble
into highly ordered binary arrays while retaining the super-
structure provided by the host lattice of the abundant particle
type. By utilizing Selected Area Electron Diffraction (SAED)
it can further be observed that the particles assemble in
a mesocrystalline manner as a preferred particle orientation
on the atomic scale is indicated by the electron diffraction
pattern in Figure 2c.

We further found that the aforementioned discoveries can
be applied to obtain three-dimensional self-assemblies from
the same IONC/PtNC particle mixtures (20:1 mass ratio) by
utilizing the gas-phase diffusion technique. The superlattice
based on the structure of IONC-based mesocrystals was once
more chosen to provide the host network in which PtNCs are
randomly incorporated by replacing IONCs on their positions
during the mesocrystal formation. Analogous to our findings
in the two-dimensional binary particle arrays we used
mixtures with a particle ratio of approximately 10 to 1 (IONC
to PtNC) in regards to IONC surplus.

Extensive and highly ordered superstructures with distinct
crystal shapes formed from hexane over the course of 7 days
as shown in Figure 3a. The obtained mesocrystals are 20–
40 mm in size and emerge with a distinct crystal shape,
accompanied with a multitude of crystal twinning on their
outer perimeter (Figure 3a,c). To confirm the binary compo-
sition of the superstructures, we conducted EDX scans in
order to determine their elemental composition. A significant
amount of platinum within the scanned crystals was found as
shown in Figure 3b. The observable geometry of the crystals
further suggests that the general structure of the host lattice
remains mostly unchanged by the incorporation of foreign
platinum nanocubes in comparison to the previously observed
crystal habit of analogous mesocrystals from pure IONC
dispersions in Figure 1b. The predominant increase in crystal
twinning, however, proposes a higher rate of defect formation
during crystal growth as they are mostly absent within the
pure IONC-based superstructures. We assume that this is
most likely a result of the incorporation of platinum particles
into the iron oxide superlattice. While high-resolution FE-
SEM imaging illustrates the hexagonal ordering of the
nanoparticle arrays it also implies the indicated platinum
nanoparticle incorporation. As shown in Figure 3e, randomly
distributed particles with a significant difference in contrast
in-between neighboring particles can be seen. This finding

Figure 2. (a) shows a TEM image of a 2D binary self-assembly of
a PtNC/IONC particle mixture from hexane with the corresponding
FFT (insert) indicating a hexagonal particle ordering of c2mm symme-
try. HRTEM and HAADF analysis (b) show the random incorporation
of PtNC into the IONC lattice. Complementary SAED (c) displays
a preferred particle orientation on the atomic scale. An EDX line scan
(d) of the binary particle assembly further confirms that the high
contrast particles are PtNCs.
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cannot be observed for pure mesocrystal surfaces as the
comparison of a IONC-based mesocrystal surface in Fig-

ure 3d shows. As materials with a high atomic number exhibit
a much stronger contrast in FE-SEM imaging, the presence of
randomly incorporated PtNCs within highly ordered IONC
arrays is highly suggested. In regards to the performed EDX
analysis in Figure 3b we further conclude that the PtNCs are
likewise not only a surface anomaly but rather reflect the
actual bulk composition of the crystals given the penetration
depth of a 10k eV electron beam of several hundred nano-
meters.

A more detailed investigation of the bulk structure,
however, proves to be challenging as Focused Ion Beam
(FIC) cutting techniques have to be disregarded due to the
high energies introduced at the cutting plane resulting in
a significant altering of the nanoparticle shape and ordering.
We therefore utilized micromanipulators in order to fracture
the crystals, which allows additional FE-SEM imaging of their
inner structure. In good agreement with the observations on
the crystal surface, high-contrast particles as well as a high
amount of defects within the particle lattice bulk can be
observed in Figure 4. Both EDX and FE-SEM analytical
methods were furthermore used to perform a statistical
analysis of the PtNC content within the IONC host lattice
(Supplementary Information 3). PtNC particle detection on
the broken crystal interface gives a 0.61 % PtNC ratio, which
is in good agreement with a quantitative EDX evaluation
showing a 0.68: 0.04 % PtNC/IONC ratio. In comparison to
the 4.35% PtNC content for 2D binary assemblies, it can be
stated that the incorporation of particles occurs at a much
lower rate for 3D binary self-assemblies through the gas-
phase diffusion technique than it does for 2D binary mono-
layers through solvent evaporation. A detailed FFTof the FE-
SEM imaged superlattice in Figure 4a confirms the already
observed hexagonal packing of the binary nanocube mixture

Figure 3. FE-SEM images of IONC/PtNC binary superstructures from
hexane (a,c,e) at different magnifications. Image (a) shows the distinct
crystal shape of the obtained superstructures. Complementary EDX
analysis (b) of a binary crystal (c) reveals a significant amount of Pt
incorporated within a predominantly Fe-based superstructure. High-
resolution FE-SEM images of the superstructure surfaces show the
comparison of a pure IONC mesocrystal (d) with a binary super-
structure (e). High-contrast particles indicate the presence of randomly
incorporated PtNCs into a IONC superlattice.

Figure 4. High-resolution FE-SEM and TEM images of a broken crystal piece revealing the binary superstructure’s inner surface (a) and its bulk
(b) indicating a hexagonal particle ordering further confirmed by a FFT (insert a). The TEM imaging performed alongside the edge of the broken
binary crystal (b) illustrates the incorporation of high-contrast PtNCs within the bulk of the IONC superlattice (indicated by arrows). SAED
performed on the thin edge (d) further reveals the atomic ordering of the Fe3O4 lattices as viewed from a [130] zone axis, which is confirmed by
the simulated diffraction pattern shown in (c) proving the mesocrystal nature of the binary superstructures. Synchrotron-based SAXS analytics
performed on a single binary superlattice crystal (e) shows a distinct packing structure indicated by the symmetry of the shown reflexes. Shape
and position of the signals further allow the determination of particle distances (12.1 nm and 11.1 nm) and gaps (2.5 nm) as discussed in more
detail in the Supplementary Information 5. Scale bar in (a) insert is 0.1 nm@1 and bars in (c) and (d) are 5 nm@1.
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in one plane whereas the ordering of the bulk (Figure 4b)
further displays a cubic stacking of the planes analogous to
a pure IONC-based mesocrystal as shown in Figure 1c. This
suggests that the incorporation of PtNCs does not signifi-
cantly affect the particle arrangement of the IONCs as its
structure is almost identical.

Characterization of the superlattice packing remains very
challenging and can be difficult to be conducted without the
help of a focused X-ray beam within the size range of the
crystal size. Therefore, synchrotron-based SAXS measure-
ments of a single binary mesocrystal were performed at the
Swiss Light Source cSAXS beamline at the Paul Scherrer
Institute with a micro-focused monochromatic synchrotron-
based X-ray beam of 27 X 16 mm revealing the particle order-
ing of the binary crystals in unprecedented detail. Two strong
sharp signals at 0.0825 nm@1 and 0.0894 nm@1 are in good
accordance with the estimated particle size of 11.5: 1.1 nm.
Further reflexes at 0.1339 nm@1 and 0.1476 nm@1 paired with
the symmetry of the diffraction pattern as shown in Figure 4e
suggest a body-centered tetragonal (BCT) packing of the
particles. The provided SAXS pattern is in good agreement
with a [111] zone axis for a unit cell with the determined
parameters of a = b = 34.24 nm, c = 29.24 nm and an I4/mmm
space group as displayed in Supplementary Information 4.
Resolution of the exact crystallographic structure however
would require further verification by additional synchrotron
SAXS measurements at various angles. These results approve
the observed crystalline structure as previously indicated by
FE-SEM imaging and show the presence of an average inter-
particles gap value over all directions of the hexagonal

packing of ca. 2.5 nm via the single analysis of 2D segmented
scattering pattern (Supplementary Information 5).

The previously described fragmentation of the crystals
also enabled TEM imaging alongside the edges of broken
crystal pieces, displaying the presence of high-contrast
platinum particles embedded within an IONC matrix. Com-
plementary SAED measurements also show a preferred
direction of the wide-angle diffracted electrons in form of
high intensity arcs (Figure 4d), which are directly correlated
to the orientation of the particles. Given the crystallographic
parameters of a Fe3O4 magnetite unit cell, the [131] zone axis
is correlated to the highest intensity reflexes in the SAED
(Supplementary Information 4). This shows that the nano-
particles not only arrange within a highly ordered super-
lattice, they also orient themselves along their crystallo-
graphic planes. The combination of both measurements
proves that our superstructures are a nanostructured material
which consists of individual nanoparticles with a defined long-
range order on the atomic scale in at least one direction.
Based on these results, we further specified the observed
binary superlattices to be binary mesocrystals rather than
colloidal crystals that do not necessarily have the unique
feature of a long-range particle orientation based on their
atomic lattice planes. In addition, we investigated the
orientation of the incorporated PtNC with this method as
illustrated in Figure 5. Based on HRTEM images of a binary
PtNC/IONC monolayer (Figure 5a) it is evident that both
particle types orient themselves face-to-face alongside the
same crystallographic reference frame. This is highlighted by
a combined FFT over multiple particles in Figure 5c which

Figure 5. High-resolution TEM images of binary self-assemblies and their corresponding evaluated FFT patterns. Image (a) displays a mesocrystal-
line PtNC/IONC binary monolayer. The high-contrast (darker) particles can be identified as PtNCs by the means of selected area FFT for each
particle as shown in the corresponding FFT map in image (b) and Supplementary Information 2. Evaluation of the FFT patterns allows the
determination of the [001] zone axis as well as the individual particle orientation as illustrated by the combined FFT in image (c) underlining
a face-to-face orientation of PtNC to IONC as already indicated by the HRTEM image in (a). Images (d) and (e) show a similar identification for
a 3D PtNC/IONC binary mesocrystal alongside a thin broken crystal piece as illustrated earlier. Although a clear zone axis cannot be determined
and stacked particles give a mixed selected area FFT (e) for the high-contrast particles, it is still evident for PtNC due to the characteristic [220]
lattice parameters which are referenced in illustration (f) for the combined FFT. Because of the angles between the observable FFT signals in (f)
and the reflex pattern obtained by a SAED (g and h) it can be stated that the orientation of PtNCs and IONCs within the mesocrystals is parallel
as they share the same crystallographic coordinates. In all FFT and ED images Pt reflexes are indicated in white, Fe3O4 reflexes are indicated in
blue and the scale bar is 5 nm@1.
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shows an alignment of lattice parameters for the equivalent
miller indices with only minor deviations as a result of slight
particle misalignment, which is the primary reason for the
diffraction arcs mentioned earlier. Identical observations
could be conducted alongside the broken crystal edges for 3D
binary mesocrystals from the same particle mixtures. Al-
though the HRTEM images give a mixed FFT pattern due to
the stacking of multiple particles, a clear localization of high-
contrast platinum particles is furthermore possible as dem-
onstrated in Figure 5 d–f. Distinct platinum signals corre-
sponding to the [220] lattice plane visible by the means of
FFT, in correlation to the Fe3O4 signals, allow a determination
of the particle orientation within a crystallographic reference
frame regardless of a provided zone axis as illustrated in
Figure 5 f. In combination with SAED analysis (Figure 5g,h)
we were therefore able to identify the orientation of the
PtNCs within the IONC host lattice to be parallel to each
other as they share the same crystallographic reference frame.

Complementary to the formation of IONC-based meso-
crystals, which served as the primary host lattice for the binary
mesocrystals in this work, we reported on the formation of
pure PtNC-based mesocrystals. It was therefore standing to
reason to investigate the possibility of the formation of
a “reverse” binary mesocrystal by incorporating IONCs into
a PtNC host lattice. The experiments were conducted using
the same particles and solvents but inverted particle concen-
tration ratios. We found that the formation of PtNC host
lattice binary particle assemblies cannot be obtained at the
higher concentration levels at which the IONC host lattice
binary mesocrystals were formed. The concentration of the
particle mixture had to be significantly reduced by a factor
of 5, to avoid mono-phase formation of pure IONC- and pure
PtNC-based mesocrystals separately. We hypothesize here
that the reason behind the impossibility to form reverse
binary mesocrystals at high particle concentrations lies in the
formation kinetic discrepancy between PtNC and IONC as
reported in our preceding research.[32, 44] While the formation
of a PtNC host lattice takes 10–14 days in hexane, the
development of IONC-based mesocrystals usually occurs in
less than 7 days. This results in the consumption of the
majority of the IONCs before the PtNC host lattice can form.
We assume that a reduced particle concentration prevents the
IONCs from reaching a critical particle concentration (CPC)
during the gas-phase diffusion process within the set crystal-
lization period of 14 days, which would otherwise trigger
IONC cluster formation and ultimately result in a mono-
phase mesocrystal formation.[19,45]

Nevertheless, the self-assembly of a less concentrated
binary particle mixture resulted in the formation of 3–5 mm
sized, uniform superlattices, which are much smaller in size
than the compared IONP host lattice binary mesocrystals. As
previous research has shown that the obtained mesocrystal
size is directly connected to the concentration of the parent
particle dispersion,[45] our results confirm that such assump-
tion is also valid for the formation of binary mesocrystals.[46]

Besides the smaller size of the crystals, FE-SEM images
shown in Figure 6a,c display an increase in IONC incorpo-
ration when compared to the respective PtNC incorporation
of an IONC host lattice binary mesocrystal. Complementary

EDX analysis confirms the observed prevalence of IONC
within the PtNC superlattice as demonstrated in Figure 6b.
The difference between the IONCs and the PtNCs is once
again indicated by the brightness of the particles, as the
darker (less contrast), slightly larger IONCs are embedded
into the cubic ordering of the PtNC host lattice as illustrated
in Figure 6c. The cubic ordering of the particles further
reinforces our assumption that the PtNCs provide a host
network of particles in which the IONCs are incorporated. It
is worth noting that the IONCs preferably form small clusters
of several particles, which are evenly spread inside the
superlattice but do not develop into larger domains.

Conclusion

We were able to define the optimal particle size, shape,
concentration and stabilizer for a predominant host lattice
mesocrystal structure to incorporate tailored particles of
another material. Ultimately, the formation of highly ordered
binary mesocrystals from anisotropic nanoparticles in two or
three dimensions depending on the synthesis method—
solvent evaporation and slow gas-phase diffusion, respective-
ly—could be demonstrated.

Figure 6. FE-SEM images (a,c) and the corresponding EDX point
analysis (b) of an inverted PtNC/IONC binary superlattice where
PtNCs provide the host lattice of the superstructure. The EDX
spectrum in (b) is taken from the region highlighted in blue (a) and
shows a predominant amount of Pt within the crystal, accompanied
with a Fe peak indicating the successful incorporation of IONCs. High-
resolution SEM of the superstructure surface in (c) further displays
a binary composition of the superlattice with a random incorporation
of low-contrast (darker) particle clusters, presumably IONCs, which
are indicated by arrows and highlighted at higher magnification
colored in blue within the provided insert.
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Furthermore, our observations reveal the importance of
individual particle concentrations as a critical role in the
development of a binary mesocrystal. We herein propose the
concept of a critical particle concentration (CPC) as the
driving force towards individual mono-phase mesocrystal
formation at different crystallization times. It appears thus
essential that the concentration of the particle type under-
going incorporation into a host lattice must not exceed its
CPC otherwise it will lead to a mono-phase mesocrystal
formation considerably earlier than by the host lattice
particles hindering the formation of a binary superstructure.

While our extended experiments clearly demonstrate the
feasibility of the formation of an inverse binary superlattice,
they also illustrate that a variety of factors may play a crucial
role in their formation as indicated by the presence of particle
clusters and the overall mesocrystal habit. As a result,
multiple open questions remain, such as the influence of the
particle mixing ratio on the binary mesocrystal structure, the
transition regime between tetragonal and cubic packing and
the possibility to obtain binary and even ternary mesocrystals
just to name a few. These topics need to be addressed in future
work, but it is already clear that 3D binary mesocrystals open
up a completely new range of possible complex multicompo-
nent superstructures with new features, packing orders as well
as physical and chemical properties that are yet to be
discovered.
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Supporting Information – 3D Binary Mesocrystals 

from Anisotropic Nanoparticles 
 

Materials and Methods 

 
Chemicals 

Iron(III) chloride hexahydrate from Sigma-Aldrich, magnesium sulfate hydrate (>99%) 

from Carl Roth and sodium oleate (>97%) from TCI were used for the iron oxide nanocube 

synthesis. Tungsten hexacarbonyl (99%) and platinum(II) acetylacetonate (98%) for the 

platinum nanocube synthesis were purchased from abcr. Linoleic acid (99 %), toluene (99,8+%) 

and oleylamine with a C-18 content of 80-90% were provided by Acros Organics. Oleic acid 

(99%) was received from Alpha Aesar. Tetrahydrofuran (100%), hexane (98%) and ethanol 

(99,8+%) were purchased by VWR and Roth respectively. All chemicals were used without 

further purification. 

 

Iron (III) Oleate Precursor Synthesis 

Into a 100 ml two-neck Schlenk flask was added Iron (III) chloride hexahydrate (1.35 g, 

5 mmol) and sodium oleate (4.58 g, 15 mmol) under nitrogen atmosphere, then degassed and 

subsequently dissolved in a mixture of ethanol (10 mL), hexane (18 mL), and MilliQ water (8 

mL). The mixture was then frozen in a liquid nitrogen bath in order to Freeze-Pump-Thaw it for 

one cycle. The reaction mixture was then heated to 80°C while stirring and refluxed for four 

hours. The resulting organic phase was washed with milliQ water (3 x 50 mL) and dried over 

Mg(SO4)2 to remove water residues. Afterwards, rotary evaporation at 50 °C / 330 mbar was 

used to remove organic solvents, leaving a dark brown oil as crude product which is stored at 

4 °C until further use.  

 

Iron Oxide Nanocubes Synthesis 

The heating-up method was utilized to form iron oxide nanocubes from the Iron (III) 

Oleate Precursor. The previously prepared iron (III) oleate (4.54 g, 5 mmol), as well as sodium 

oleate (218 mg, 0.72 mmol) and 99% pure oleic acid (227 µL, 0.72 mmol) were solved in 1-

octadecene (25 mL) within a three-neck flask and dried under vacuum at 60 °C for 30 min while 

stirring to remove remaining water. The reaction mixture was then heated to reflux temperature 

using a heating ramp of 3.3 °C/min and stirred for further 30min at this temperature before 

cooling back to room temperature. The resulting black liquid was transferred into falcon tubes 

and purified via centrifugation for several times with double the amount ethanol at first (1500 

rpm for 15 min, two times) and then with a mixture of ethanol to toluene decreasing each 

washing cycle (4:1, 3:1, 2:1) for three times at 9000 rpm (15 min). In addition, larger 

agglomerates can be filtered after dispersing the highly viscous black product in various 

organic solvents such as THF, toluene or hexane. 

 

Platinum Nanocubes Synthesis 

Platinum nanocubes have been synthesized according to a slightly modified procedure, 

which has already been reported by Zhang et al.[1] A mixture of 40 mg platinum(II) 

acetylacetonate and 3.56 g of oleic acid in 16 ml of oleylamine was placed in a two-neck 

Schlenk flask equipped with a condenser and attached to a Schlenk line. While vigorous stirring, 

the mixture was heated to 120 °C under Nitrogen atmosphere. After the addition of 100 mg of 



tungsten hexacarbonyl, the solution was raised to 240 °C over the course of 45 minutes. At this 

temperature, the solution was continuously stirred for further 45 minutes under weak Nitrogen 

flow before cooling to room temperature. The crude product was separated by centrifugation 

at 9000 rpm for 20 minutes and washed with anhydrous hexane before precipitating with 

ethanol in three cycles. A black and oily solid was obtained as the final product and dispersed 

in either hexane, toluene or tetrahydrofuran and stored under light exclusion until further use. 

 

 

Mesocrystal Formation via Gas-Phase Diffusion 

Into a 1 ml flat bottom glass, 300 µL of a prepared particle dispersion containing 3 µl/ml 

oleic acid (99%) and a cleaned 5x7 mm double side polished silicon wafer snippet were added. 

The silicon snippet was cleaned by gradual ultrasonification in ethanol, iso-propanol, acetone, 

ethylacetate, toluene and toluene p.a. for 10-15min each. The prepared 1 ml flat bottom glass 

was then placed into a 5 ml screw cap vial containing 1.5 ml of an ethanol/dispersion solvent 

(50:50) mixture. The vial was then stored in a desiccator containing an ethanol rich atmosphere 

for several days, depending on the dispersion solvent (THF: 1-2 days, Toluene: 7-14 days, 

Hexane: 14+ days). After crystallization, the silicon snippet was carefully removed, immersed 

into pure ethanol for five seconds and dried on air. Particle dispersion mixtures for binary self-

assemblies were used at the following concentrations:  

 IONC host lattice PtNC/IONC binary mesocrystals – 100 µL of a 1 mg/mL PtNC 

dispersion in hexane and 200 µL of a 10 mg/ml IONC dispersion in hexane. 

 PtNC host lattice IONC/PtNC binary superlattices – 275 µL of a 1 mg/mL PtNC 

dispersion in hexane and 25 µL of a 10 mg/ml IONC dispersion in hexane. 

 

Self-Assembly formation via Solvent Evaporation 

A 15 µL drop of a stable particle dispersion mixture containing 3 µL/ml additional 

oleic acid (99%) was carefully placed on a substrate and slowly evaporated within a partially 

saturated atmosphere of the dispersion solvent within a desiccator. After evaporation, the 

residual oleic acid can be removed by plasma cleaning for 2 minutes prior to FE-SEM analysis. 

 

Analytical Instruments 

Transmission Electron Microscopy (TEM) analysis was performed on a ZEIS LIBRA120 

instrument using 200 mesh carbon coated copper grids equipped with a 120 kV Lanthanum 

hexaboride emitter and a Koehler illumination system. High resolution TEM imaging was 

conducted on a JEOL JEM-2200FS equipped with ZrO/W(100) Schottky field emission gun 

(operated at 200 kV), an in-column Omega-type filter as well as a STEM Bright Field (BF) and 

High-Angle Annular Dark-Field (HAADF) detector. FE-SEM imaging was carried out on a Carl 

Zeiss Gemini 500 Microscope equipped with multiple detectors for secondary and 

backscattered electrons using acceleration voltages of up to 10 kV. Samples were plasma 

cleaned for 60-120 seconds using a MiniFlecto from Plasma technologies for better imaging. 

To perform Energy Dispersive X-Ray (EDX) measurements, the microscope is also equipped 

with an EDX Ultim Max 100 Silicon Drift Detector from Oxford Instruments. PXRD 

measurements were conducted using a Bruker D8-Discover device equipped with a Vantec 500 

detector.  

 

  



Supplementary Information 1: IONC and PtNC recrystallization 
 

Iron oxide nanocubes (IONCs) were synthesized according to the two-step synthesis described 

in the Materials and Methods section to obtain 13.3 ± 1.1 nm sized particles as shown in Figure 

SI1 a. Particle size evaluation has been performed by detecting the minimum diameter of 

detected particles within the TEM images via the OLYMPUS iTEM software and statistical 

analysis with Origin 2018. The average particle size was determined via a Gaussian fit as 

indicated by the red lines in Figure SI1. 

In order to lower the average particle sizes from 13 to 12 nm, the heating rate during the 

synthesis of the particles has been increased to 3.5 °C/min and the duration at reflux 

temperature before cooling has been shortened to 20 minutes. The resulting particles are 

shown in Figure SI1 b and have an average size of 11.9 ± 1.0 nm. Recrystallization of the particle 

dispersions via the gas-phase diffusion technique allowed to further purify the particles by 

narrowing their size distribution and removing larger agglomerates. This purification process 

is illustrated in Figure SI1 c and d, as the obtained mesocrystals from each sample have a much 

smoother surface. The reduced size distribution is also indicated by the comparison of the 

Gaussian FWHM of both samples (before and after recrystallization) in Figure SI1 b and e. The 

average size of the recrystallized IONCs which were used for all further experiments was 

determined to be 11.9 ± 0.8 nm with a median aspect ratio (diameter max/diameter min) of 

1.2 ± 0.1 via software-based evaluation of the TEM images. 

 

 

 

Figure SI1: TEM Images and their corresponding size distribution of iron oxide nanocubes determined by a particle 

detection software (Olympus iTEM) and their corresponding Gaussian fit in red (a, b and e). Comparison between (a) 

and (b) shows the particle size before (13.3 ± 1.1 nm) and after (11.9 ± 1.0 nm) changing the reaction parameters. 

Comparison between b and e illustrates the particle size distribution change after recrystallization (FWHM: 1.7 ± 0.1 

nm to 1.5 ± 0.1 nm). (a) and (b) displays FE-SEM images of IONC mesocrystals formed from (a) crude (c) and recrys-

tallized (d) particle dispersion. 

 

  



Supplementary Information 2: HR-TEM analysis of PtNCs 
 

High-Resolution TEM images at 1,000,000 times magnification (Figure SI2) reveal the atomic 

periodicity of individual nanoparticles, allowing the exact verification of the material due to 

their characteristic lattice plane distances. For pure platinum crystals the distances of the 

atomic planes have been determined to be 1.37 Å and 1.96 Å via Gatan Digital Micrograph 

Software which corresponds to the reported lattice planes of Pt[202] = 1.383 Å and 

Pt[200] = 1.956 Å according to the COD Entry_96-901-3418. 

For binary particle mixtures, this method can be used in combination with FFT of the particles 

to quickly determine if the investigated particle is a PtNC or a IONC due to their characteristic 

atomic planes as shown in Figure SI2 c and d. 

 

 

Figure SI2: HR-TEM images of a pure PtNC (a and b) and a binary particle mixture of PtNC and IONC (c and d). (b) 

illustrates the Gatan Digital Micrograph supported evaluation of the particle lattice planes via a pixel brightness line 

profile. In image (c) and (d), the periodicity of each particle has been determined by FFT to distinguish between PtNC 

and IONC. 

 

  



Supplementary Information 3: Statistical Analysis of Pt-/IONC ratio 
 

Software assisted (Olympus iTEM) particle detection allowed for a statistical analysis of binary PtNC 

and IONC self-assemblies to determine the ratio at which PtNCs are incorporated into a IONC host 

lattices. Both assemblies were prepared from 100 µL of a 1 mg/mL PtNC dispersion in hexane and 

200 µL of a 10 mg/ml IONC dispersion in hexane resulting in a 1:20 wet mass ratio. The binary 

monolayers were prepared on a TEM grid (Figure SI3b and SI3c) and four large assemblies were 

counted by software to a total of 5669 particles of which particles below 30 nm² and above 

200 nm²are excluded as they do not represent nanocubes participating in the self-assemblies 

leaving 5560 detected particles. According to HR-TEM images in Supplementary Information 2 

we concluded that particles below an average brightness threshold above 200 (per software 

value) are platinum in the vast majority of the cases due to their significantly higher electron 

absorption of heavy and dense metals. The software determined 242 particles within the 

assemblies which inhere this low brightness and are therefore counted as PtNC. Figure SI3 (a) 

shows a detailed size distribution of the detected particles, where PtNCs are notably smaller 

within the assemblies when compared to the detected IONCs. This evaluation therefore gives 

a 4.35% ratio of PtNC within the solvent evaporation prepared 2D binary self-assemblies. 

 

 

Figure SI3: Chart (a) shows the combined size distribution of IONCs and PtNCs by particle area [nm²] over 5560 soft-

ware detected particles (Olympus iTEM) within four TEM images from which two examples are shown in (b) and (c). 

The inset in (a) displays a more detailed distribution of the PtNC. FE-SEM image (d) of a 3d binary PtNC/IONC meso-

crystal illustrates how EDX analysis was performed to obtain elemental analysis of the mesocrystal (inset). The FE-

SEM images (e) and (g) were performed on a broken inner surface of such a binary mesocrystal and used for determi-

nation of particle distances (e and f) as well as software assisted (Olympus iTEM) detection of high contrast platinum 

particles (g). 

 

A similar statistical analysis has been performed on the inner surface of a broken 3D binary 

mesocrystal. Here, the brightness threshold for PtNC could not be crosschecked by the means 

of HR-TEM FFT analysis, however the significant brightness difference of the particles allowed 

for a reliable detection of these particles for RGB values above 100 based on the color profile 

of the image as shown in Figure SI3g. To reference the detected PtNC to the total amount of 

particles within the image, we measured the average particle distance on the investigated 



surface to be 9.1 nm through a brightness profile as illustrated in Figure SI3e and SI3f. 235 

detected PtNCs are therefore referenced to a total of 38774 particles, giving a 0.61% 

PtNC/IONC ratio for the inner mesocrystal surface. As the accuracy of this method can vary 

significantly based on the quality of the FE-SEM image, we verified our results by performing 

EDX analysis on three different crystals to determine the amount of various elements within 

the crystal. With an acceleration voltage of 10k eV the penetration depth of the electron beam 

will be several micro meters and therefore give a quite accurate representation of the 

mesocrystals bulk composition rather than its surface. Figure SI3d shows an example of such a 

measurement with the obtained wt% for the detected elements. The low amount of Si signals 

detected further assures that the electron beam does not penetrate the whole mesocrystal. 

Platinum was detected with a 2.44 wt% in this example and has to be accounted for its higher 

density before it is referenced to Fe3O4. Evaluation of all three measurements gives a median 

ratio of 0.68% with a small error of ± 0.04%, which is in good agreement with the 0.61% ratio 

for the software assisted particle detection method and further assures the feasibility of our 

results. However, it has to be stated that several presumptions, such as a unified particle size 

and equal distribution within the crystals, have to be made for the calculations with this 

method. Although the obtained values for the PtNC/IONC ratio with this method are therefore 

not highly accurate, they still give a good estimate on the amount of PtNCs that have been 

incorporated within the IONC mesocrystal host lattice. 

 

 



Supplementary Information 4: Crystallographic evaluation of the 

binary mesocrystals SAXS pattern 
 

The evaluation of the obtained SAXS pattern of our PtNC/IONC binary mesocrystals from the 

synchrotron measurements at the cSAXS beamline at the Paul Scherrer Institute suggests a 

tetragonal symmetry of the particle ordering. In combination with the radial integrated 

scattering curves a base centred tetragonal (BCT) packing of the particles was presumed. This 

presumption is backed by previous finding in our group which describe a tetragonal packing 

behaviour of self-assembled IONC due to the “bump-to-hollow” effect.[2] In combination with 

the determined predominant particle distances of 12.12 nm and 11.12 nm, the cell parameters 

can be calculated to be a = b = 34.24 nm and c = 29.24 nm for a unit cell suitable for a I4/mmm 

space group. The so constructed unit cell was simulated by using the CrystTBox software.[3] in 

order to find a corresponding zone axis which reflects the received synchrotron SAXS pattern 

and verifies our assumptions of a BCT unit cell. We found, that the theoretical scattering pattern 

for a [111] zone axis matches perfectly for the constructed unit cell and describes the majority 

of the measured reflexes as illustrated by the overlay in Figure SI4 d. 

 

 

 

 

Figure SI4: Image (a) shows the synchrotron SAXS pattern of a PtNC/IONC binary mesocrystal and its corresponding 

radially integrated scattering signals in image (b). Image (c) illustrates the simulated diffraction pattern along the 

[111] zone axis of a I4/mmm space group unit cell with the parameters a = b = 34.24 nm and c = 29.24 nm. In col-

ors are the reflexes highlighted matching with the measured SAXS pattern. Image (d) further displays this match with 

an overlay of the simulated pattern onto the actual SAXS pattern. 

 

 

 

 

  



Supplementary Information 5: Analysis of Pt/Fe Mesocystals via 

SAXS 
 

Experimental apparatus 

Scanning SAXS was performed at the cSAXS beamline at the Paul Scherrer Institute with 

a synchrotron-based x-ray beam focused to 27 x 16 µm and monochromatized by a fixed-exit 

double Si(111) monochromators at an energy of 11.2 keV. 2D scattering signal was recorded 

on a Pilatus 2M detector placed at 2.1928 m from the measured sample calibrated from 

scattering pattern of silver behenate.[4] The transmitted beam intensity was measured with a 

photodiode placed on the surface of a beamstop inside the steel flight tube under vacuum 

conditions.  

A dispersion of the mesocrystals on kapton tape was done prior to the beamtime and 

measured in scanning mode with an exposure time of 0.8 seconds per points with a step size 

of 20 µm x 20 µm. 

Integration of 2D scattering images and radiation damage check was performed 

following the azimuthal segment procedure using the cSAXS Matlab analysis package.[5] 

 

Determination of inter-particle gap 

 The complex scattering of the recorded mesocrystals displayed a combination of 

diffraction peaks associated to the tetragonal packing of the cubic nanoparticles as well as the 

form factor of the single particles superposed with a peak at ~0.58 nm-1, which we assume to 

be the inter-particle size – the average length between the mass centres of two nanoparticles 

in the tetragonal packing. In order to estimate the average inter-particle gap – as the size of 

the two half particles minus the inter-particle distance, we have isolated the signature from the 

cubic form factor first by analysing the segmented radially integrated scans.[5] The full detector 

image was radially segmented into 16 azimuthal segments and each of them individually 

integrated. Segments without peak at ~0.58 nm-1 were selected and averaged in order to 

improve the signal to noise ratio (Figure SI5.1 - left). Similar procedure was performed for 

segments showing a peak at ~0.58 nm-1 (Figure SI5.1 - right). 

 

 
Figure SI5.1: Radially integrated segments presenting without the inter-particle peak (left) with best fit of cubic 

nanoparticles of 8.8±0.8 nm-1 (red curve) and radially integrated segments (right) showing the inter-particle peak (*). 

 The form factor was estimated using SASView 5.0.04 package and a rectangle prism 

model where for consideration of a cubic shape, the side ratios length was fixed at 1. In order 

to avoid the contribution of a structure factor, the fitted q-range was selected between 0.15 



and 0.8 nm-1. The cube length from the fitted scattering curve gave an estimated size of 

8.8 ± 0.8 nm. It has to be noted that this size is slightly lower than the estimated one from TEM 

in this study but arises from several factors. Firstly, estimation of the particle size from the TEM 

analysis might be slightly overestimated if the particles do not lay perfectly flat or the imaging 

angle is different from 90°. Taking this aspect into account, the size of the cubic particles as 

determined via SAXS as a = 8.8 nm would possess a diagonal cube length in the same order 

of size as defined via TEM as per:  

 

𝐷𝑖𝑎𝑔𝑜𝑛𝑎𝑙 𝑐𝑢𝑏𝑒 𝑙𝑒𝑛𝑔𝑡ℎ =  √2 ∗ 𝑎2 = 12.4 𝑛𝑚 

 

Secondly, the fitted value is a single measurement averaging several hundreds of 

nanoparticles. Ultimately, the determination of a form factor is usually established for dilute 

systems and becomes complicated for such densely packed systems. 

The latter also complicates the separation of structure and form factor. Therefore, we 

follow a simplified approach to estimate the inter-particle distance – the average length 

between the mass centres of two nanoparticles in the tetragonal packing – from the scattering 

curves. We treated the fitted profiles, corresponding to the cubic form factor of the individual 

nanoparticles as a background and subtracted them from the averaged and integrated 

segments of the detector image where the particle peak at ~0.58 nm-1 was observed. The 

residual was fitted with a Gaussian curve to determine the peak centre and FWHM. The average 

length between the mass centres of two nanoparticles in the tetragonal packing – as per fitted 

curves – was calculated to be 11.12±1.30 nm. The inter-particle gap gives an average value 

over all directions of the tetragonal packing of 2.54±1.56 nm (Figure SI5.2). 

 

 
Figure SI5.2: Best Gaussian fit for inter-particle distance peak obtained from the subtraction of the cubic modelling fit 

to the radially integrated scattering curves between 0.32 and 0.8 nm-1. 
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Colloidal crystals are arguably one of the most promising candidates when it comes to the 

fabrication of nanostructured metamaterials. Especially mesocrystals show exciting new 

properties that emerge from their inherent directional oriented assembly. With this work we are 

able to demonstrate and tune the electrical conductivity of well-defined micrometer-sized 

platinum nanocube-based mesocrystals through the variation of different capping agents. We 

present a method to reproducibly quantify the intrinsic resistance of individual mesocrystals 

through electrical nanoprobing and focused ion beam deposition contacting. Thermally 

activated tunneling mechanism is identified as the main effect for electron propagation. In 

addition, we alter the mesocrystals through organically linking and mineral bridging the 

individual nanoparticles. This results in an increase in mesocrystal rigidity and more 

importantly conductivity by seven orders of magnitude while retaining shape, structure, and 

composition. In addition, we transferred these observations onto multi component 

superstructures in form of binary mesocrystals. There, we were able to demonstrate that the 

electrical properties can be tuned through the ratio of nanoparticles incorporated into a 

mesocrystalline host system, while simultaneously maintaining potential catalytic or 

superparamagnetic features of the guest particles. 
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1. Introduction 
 
The discovery of the spontaneous self-assembling behavior of nanocrystals into highly ordered 

superstructures has given rise to a new generation of nanostructured materials.[1] This type of 

condensed matter is often referred to as “supercrystals” due to their astounding new 

characteristics and unique functionalities that arise from the collective properties of highly 

ordered nanocrystals.[2] Extensive research has shown how spherical nanoparticles commonly 

self-organize into close-packed face-centered cubic (fcc) or hexagonal close-packed (hcp) 

superlattices as a result of van der Waals interactions.[3] These so-called colloidal crystals 

gained a lot of attention in recent years as the understanding of their physical properties is a 

crucial part of the formation of metamaterials.[1f, 4] While isotropic nanocrystals are highly 

efficient in forming colloidal crystals with a large space-filling fraction, they lack directional 

properties and therefore are inherently limited in their properties.[3d, 5] The focus on anisotropic 

nanoparticles and their ability to form crystallographically oriented arrangements within 

colloidal superstructures gave rise to a new type of colloidal crystals named mesocrystals.[4b, 6] 

In 2005 a clear and systematical description was proposed in which mesocrystals form from 

non-spherical crystalline building units as oriented superstructures with common outer faces.[7]  

Due to the unique process through which these mesocrystals emerge, they further attracted a lot 

of attention when it comes to the investigation of the underlying non-classical crystallization 

processes.[4c, 8] Advanced crystallographic techniques revealed that there is a need for a more 

distinct description of mesocrystals, which is based on the International Union of 

Crystallography (IUCr) definition of crystals as “a nanostructured material with a defined long-

range order on the atomic scale (in at least one direction), which can be inferred from the 

existence of an essentially sharp wide-angle diffraction pattern (with sharp Bragg peaks) 

together with clear evidence that the material consists of individual nanoparticle building 

units”.[4c] Besides the crystallographic complexity, such mesocrystals inhere, recent research 

shows that the evolving properties of tailored mesocrystals that arise when ordering anisotropic 
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nanoparticles can open a whole new range of yet unknown features such as superparamagnetism 

in large particle assemblies.[9] Especially their common appearance in high-performing 

biological matter such as nacre further displays the significance of their structure-property 

relationships.[10] However, the formation of anisotropic nanoparticles into mesocrystalline 

superstructures on the micrometer scale remains a major challenge up until this day. A complex 

interplay of multiple driving forces among nanocrystals, stabilizing agent and solvent 

molecules requires a precise tuning of the experimental conditions to develop both orientational 

and translational orderings.[8b, 11] From all the anisotropic nanoparticles, the nanocube is the 

simplest and most commonly synthesized of the five platonic bodies for a wide range of 

materials.[9b, 12] The structural anisotropy with varying crystallographic properties between 

corner, edge, and flat facet allows the exploration of shape-dependent structural and physical 

properties such as the electronic coupling of neighboring metallic nanoparticles as a result of 

the extended facet-to-facet contact area. While the structure and arrangement of particles 

provide a large contribution towards the properties of such metamaterials, the actual 

composition of course remains the deciding factor for its properties. In terms of physical and 

electrochemical properties, elemental platinum has proven to be the most versatile and 

promising candidate in the development of advanced functional materials that inhere enhanced 

and/or novel properties for industrial applications.[13] Furthermore, platinum nanoparticles have 

repeatedly demonstrated their emerging properties and enhanced activity in electrocatalysis as 

well as their ability to self-assemble into superstructures.[14] Due to the importance of 

conductivity within these materials, we seek to study its effects and underlying mechanism 

within the scope of this work. We, therefore, investigate colloidal crystals in form of 

micrometer-sized platinum nanocube (PtNC) based mesocrystals by unraveling their electrical 

properties and how they can be tuned through capping agents or heat treatment.[15] With our 

recent discoveries of artificially tailored mesocrystals we compare our results to the 

conductivity of magnetite nanocube based mesocrystals and further explore how a combination 
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of platinum and magnetite nanoparticles into binary mesocrystals can affect the conductivity of 

such assemblies.[14b, 16]  
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2. Discussion 

All PtNCs used in this work were obtained by utilizing a slightly modified heating-up synthesis 

originally reported by Zhang et al.[14c] In total, three different PtNC batches stabilized by either 

oleic acid (OLA, (9Z)-Octadec-9-enoic acid), linoleic acid (LOA, (9Z,12Z)-Octadeca-9,12-

dienoic acid) or linolenic acid (LLA, (9Z,12Z,15Z)-Octadeca-9,12,15-trienoic acid) were 

produced and self-assembled analogous to a method which has been established and 

investigated in detail in prior work.[14a] In preparation for the experiments, the PtNC dispersions 

were first purified by recrystallization from hexane according to a previously reported method, 

to narrow its particle size distribution and remove particles with a significantly increased aspect 

ratio.[14a, 17] The resulting average particle sizes of the PtNC dispersions have been determined 

to be 10.7 ∓ 1.0 nm for OLA, 10.8 ∓ 2.1 nm for LOA, and 12.3 ∓ 2.5 nm in the case of LLA 

with an aspect ratio slightly above 1.3 in all three batches (Supporting Information 1). 

Through a standard gas-phase diffusion technique, PtNCs were self-assembled from hexane 

into highly ordered mesocrystals on a silicon dioxide coated silicon wafer substrate using 

ethanol as the primary dispersion agent. Prior to crystallization, a marked grid was engraved 

onto the substrate through photolithography to exactly locate individual mesocrystals between 

the following treat- and measurements (Supporting Information 2, Figure S2). The so 

obtained mesocrystals have been identified as such via Scanning Electron Microscopy (SEM), 

Small Angle X-ray scattering (SAXS), and Selected Area Electron Diffraction (SAED) 

techniques as displayed in Figure 1a and 1b. Conductivity measurements were then performed 

on the mesocrystals by contacting two tungsten nanoprobing tips with a diameter of 200 nm 

within the vacuum chamber of a Field Emission Scanning Electron Microscope (FE-SEM) as 

shown in Figure 1c and Figure S3. The physical structure of the mesocrystals appears to be of 

a soft, buttery texture, which allowed for a sufficient contact area of the measuring tip when 

applying a small force. In a crosscheck experiment, we utilized 2000 nm sized tungsten 

nanoprobing tips and compared their results to previous measurements to exclude the emerging 
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contact resistance as a main factor (Supporting Information 2, Figure S4a).  Five consecutive 

voltage sweeps (forward and backward) showed ohmic and reproducible current-voltage (I-V) 

curves for the different mesocrystals (Figure 1d). For comparison, the ratio of measured zero-

bias resistances R and respective distances L between both nanoprobe tips was calculated 

assuming a linear increase in resistance for larger distances. To rule out that the conductivity is 

caused by a surface-altering effect during the measurement, the mesocrystals have been placed 

on a substrate with pre-fabricated Au electrodes and measured across opposing surfaces of the 

crystal (Supporting Information 2, Figure S5). The obtained values for the conductivity are 

within the range of our previous measurements. This implies that the performed two-point 

measurements at mesocrystal surfaces also reflect the electron-conducting mechanism within 

its bulk structure. To account for variations in crystal growth, we measured ten mesocrystals 

each and averaged their results within a box plot graph as illustrated in Figure 1e-h. 

Mesocrystals using LOA and LLA as capping agents show a high resistance with mean ratios 

of 2169 MΩ/µm and 3220 MΩ/µm, respectively. Therefore, the LOA and LLA samples display 

a minor noise within their measuring curves due to their resistances being close to the detection 

limit of the instrument (Supporting Information 2, Figure S3).  In contrast, the OLA samples 

exhibit an order of magnitude higher conductivity with a resistance of 245 MΩ/µm (Figure 1h). 

Furthermore, we were not able to record any significant variations when measuring the 

resistance parallel or diagonal to the mesocrystals outer facets. 
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Figure 1. (TWO COLUMN FIGURE) (a) shows the SEM image of an OLA stabilized PtNC 
mesocrystal identified as such by a SAED performed on a fractured crystal (b) and the 
corresponding SAXS analysis of multiple mesocrystals (b inset). Image (c) shows a FE-SEM 
image of two 200 nm tungsten nanoprobing tips contacting a single mesocrystal and the 
corresponding (I-V) curves in (d) over five consecutive measurements. FE-SEM images (e, 
OLA), (f, LOA) and (g, LLA) show a close-up example of all three different mesocrystal types 
during conductivity measurements. The corresponding results of the ratio between measured 
resistance R and respective nanoprobe tips separation L is illustrated in form of a box plot 
diagram (h). Scale bar in (b, inset) is 5 nm-1 for SAED and 0.1 q for SAXS. 
 

The presented results clearly demonstrate how the conductivity of the PtNC mesocrystals can 

be tuned solely by the choice of the capping agent, as there is a direct correlation between 

mesocrystal conductivity and stabilizer. A comparison of the molecular structures of the three 

used fatty acids which typically cap on the surface of the nanocubes shows their chemical 

similarity and only difference within the number of carbon-carbon double bonds (Figure 2a). 

This minor structural variation however appears to have a significant impact on the conductivity 

within a highly ordered superstructure obtained from these particles. A physical interconnection 

between the individual nanoparticles within the assembly can be ruled out at this point due to 

their ability to be re-dispersed in organic solvents. We, therefore, assume that the spatial 

arrangement of the PtNCs primarily dictates the ability to conduct electrons through the 

mesocrystals. In fact, the structural variation of the capping molecules on the PtNC surfaces 

causes an increase in the particle gaps, which we were able to observe through High-Resolution 
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Transmission Electron Microscopy (HR-TEM) as the images in Figure 2a illustrate. To 

correctly measure the particle gap, we arranged the PtNCs of all three capping agents into 2D 

self-assembled monolayers through solvent evaporation and determined the average facet-to-

facet distance of several parallel oriented particle pairs as seen in Figure 2b. The particle 

arrangement within the monolayers follows a primitive cubic packing structure with a slight 

tendency towards a hexagonal ordering (Figure 2a) in some cases, as we have discussed in 

more detail in previous work.[14b]  HR-TEM imaging at 200kX was combined with selected area 

Fast Fourier Transformation (FFT) of the particle arrays to further ensure correct particle 

orientation in regards to their facet-to-facet arrangement as shown in Figure 2b when 

measuring the size of the gap. In addition, the observable long-range ordering of the atomic 

lattices throughout the particle arrangement further demonstrates the mesocrystallinity and 

therefore comparability of the obtained particle arrays with the bulk mesocrystals. The chart in 

Figure 2c shows how the average facet-to-facet particle distance increases alongside the 

number of double bonds of the fatty acid. When it comes to electron conductivity properties of 

two- and three-dimensional superlattices, the spatial distance between the nanoparticles is 

already known to be a key factor concerning the transfer of electrons.[18] It is further evident 

that the lattice structure of the particle assembly can also have an influence on the particle 

distance or the cross section of the facet-to-facet interaction and therefore might affect electron 

propagation along a specific crystallographic orientation. In previous research, we showed that 

the lattice structure of the PtNC based mesocrystals from hexane show a high tendency towards 

a hexagonal packing in one plane and a rhombohedral crystal habitus.[14a] Hence we measured 

the resistance perpendicular and diagonal to the outer faces of the mesocrystals in an effort to 

rule out any secondary effects caused by the internal structure of the mesocrystal. As 

demonstrated in Supporting Information 3 we were not able to observe any clear difference 

in conductivity in relation to the orientation of the crystal.        
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Figure 2. HR-TEM images and the molecular structures of 2D self-assembled PtNCs stabilized 
by the three different fatty acids OLA, LOA, and LLA (a). Image (b) shows two OLA stabilized 
PtNCs within a particle arrangement at a magnification of 200kX allowing for a precise 
determination of the particle distance. FFT analysis of the lattice planes gives platinum specific 
signals for a [100] zone axis revealing the exact crystallographic orientation as illustrated by 
the modeled nanocubes. The graph in image (c) provides the average particle distances within 
the shown assemblies in (a) for each sample. The scale bar in image (b) is 5 nm-1. 
 

Furthermore, a variation in the crystallographic arrangement of the PtNCs in mesocrystals from 

OLA, LOA or LLA is unlikely given the results of preceding work where it is shown, that the 

crystal structure of a gas-phase diffusion self-assembled mesocrystal is dictated by the solvent 

and stabilizer concentration rather than its number of C=C double bonds.[14a, 19] These findings 
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conclude, that the increasing facet-to-facet particle distance, which we examined in the 2D self-

assemblies must be taking effect within the 3D mesocrystals as well and are the primary 

contributor to the decrease in conductivity.  SAXS as the analytical tool of choice when it comes 

to determining particle distances within the bulk mesocrystal however cannot be used due to 

the varying particle sizes of the individual building units. Although the PtNC dispersions 

display a quite narrow size distribution, the PtNC sizes still vary within a couple of nanometers 

even after recrystallization, which is an order of magnitude difference in relation to the minor 

change in particle distance between different stabilizers. Therefore, it is impractical to compare 

the different mesocrystal batches solely based on SAXS. For this reason, the comparison of 

PtNC distances in a 2D assembly is a more accurate reference. In any case, these findings are 

concurrent with our prior conclusion that the electrical conductivity is primarily determined by 

the facet-to-facet particle gaps. Especially in the case of metal nanoparticle networks 

surrounded by insulating organic molecules a thermally activated electron tunneling 

mechanism should dominate which causes an exponential dependence of the electrical 

conductivity to the inter-particle distance.[20] In addition, the property of the chosen PtNCs to 

preferably self-orient into a facet-to-facet mesocrystalline lattice, as indicated in Figure 2b, has 

also been demonstrated in preceding research.[14a] This concludes that the proposed tunneling 

mechanism is favored due to the increased surface area at which electron tunneling effects can 

occur.[21] 

To further verify a thermally activated electron tunneling model as the predominant conduction 

mechanism, the OLA stabilized PtNC mesocrystals were subjected to a temperature-dependent 

conductivity measurement. Respective mesocrystals were transferred to a non-conductive 

substrate with pre-fabricated Au finger electrodes and contacted via Focused Ion Beam (FIB) 

assisted Pt-deposition (Figure 3a). In the case of thermally activated electron tunneling, the 

conductivity of the mesocrystals should increase with elevated temperatures in contrast to a 

metallic behavior where an increased electron scattering will result in a reduction in 
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conductivity.[14e] The OLA specimen was cooled to a temperature of 80 Kelvin and then 

stepwise heated by 10 K to a temperature of 300 K with conductivity measurements in between 

every heating step. The graph in Figure 3b demonstrates how the I-V curves evolve during the 

experiment. For low temperatures, the mesocrystal is almost insulating with resistances near 

the resolution limit which is indicated by the increased error bar of extracted zero-bias 

resistances (used range: -0.5 to 0.5 V) in Figure 3c. At a temperature of 130 K and upwards an 

exponential decrease in resistance with rising temperatures can be observed. These findings are 

in good agreement with the thermally activated electron tunneling model as the main 

contributor to the conduction mechanism in the as-prepared mesocrystals. This likewise rules 

out a metallic behavior that might arise from a physical contact between the individual PtNCs 

inside the mesocrystal superlattice, i.e. the PtNCs are separated by the organic ligand which 

dominates its electrical behavior.[22]  
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Figure 3. Temperature-dependent I-V measurement of a single OLA stabilized PtNC 
mesocrystal. The FE-SEM image in (a) shows the mesocrystal connected to pre-fabricated Au-
electrodes (shaded yellow) through deposited Pt-lines (blue shaded). The graph in (b) illustrates 
how the measured current is increasing for elevated temperatures, which implies a thermally 
activated conduction mechanism. Therefore, the extracted low-voltage resistances show an 
exponential dependence with the sample temperature as shown in (c).  
 

In contrast to this temperature-dependent behavior, we also observed an irreversible increase in 

conductivity throughout for extended measurement cycles on a single crystal when the 

temperature is fixed at RT (Supporting Information 2, Figure S4b). We assume that it is a 

result of a permanent altering of the mesocrystalline structure due to either induced Joule 

heating or interactions with the SEM electron beam as it only occurs after several measurements 

on the same mesocrystal. The soft and fragile texture of the mesocrystals outlines one major 

downside of these new types of materials. Recent research however has demonstrated a method 

on how OLA stabilized superstructures can be heat-treated to organically interconnect the 

carbon-platinum framework resulting in enhanced structural properties.[15a, 15b] It is therefore 

worthwhile to investigate how this treatment will affect the electrical properties of the PtNC 

based mesocrystals in respect to the conduction mechanism discussed in this work. Hence, we 

heat-treated all three mesocrystal types to induce a permanent altering of the entire samples 

through potential linkage of the fatty acids and subsequently investigated their electrical 

conductivity again.[15a, 23]  

The previously analyzed 3D mesocrystals were subjected to a heating ramp to 325 °C over the 

course of 3 hours under a nitrogen atmosphere in order to slowly alter the fatty acids, which 

interconnect the individual PtNCs. Infrared spectroscopy of the heat-treated mesocrystals in 

comparison to the untreated specimen shows an absence of the sharp C=C stretching modes as 

well as two emerging broad signals at 1050 cm-1 and 3300 cm-1 

(Supporting Information 4).[24] This strongly suggests a significant decomposition of the 

OLA into a carbon framework most likely induced by the catalytic properties of platinum. 

Nonetheless, the mesocrystal rigidity for all three samples increased significantly as can be 
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observed when applying force with the nanoprobing tips. The harder mesocrystal surface 

allowed for a high contact pressure, again ensuring a reliable nanoprobe contact to the measured 

samples. With this, we were able to first demonstrate how PtNC based mesocrystals stabilized 

by OLA, LOA or LLA can be thermally hardened similar to iron oxide nanoparticle 

supercrystals.[15a, 15b] Surprisingly, a drastic increase in electrical conductivity by at least seven 

orders of magnitude after heat treatment can be recorded for all three types of mesocrystals 

(Figure 4a). With a mean resistance of only 15 Ω, 37 Ω, and 25 Ω for five measured OLA, 

LOA, and LLA crystals respectively, the mesocrystals show a metallic conductivity as the 

measured resistance is within the range of the inherent resistance of the used nanoprobing 

system. The drastic increase in conductivity can no longer be explained by a thermally activated 

tunneling of electrons and rather suggests a direct contact between the nanoparticles that 

emerged after heat treatment. FE-SEM imaging of the heat-treated mesocrystal samples, 

however, does not indicate a significant alteration in their structure as Figures 4b and 4c 

reveals. Corresponding to the reference experiments on the 2D PtNC arrays for the untreated 

samples, further insight on how the heat treatment will affect the nanoparticles and its stabilizer 

on the nanometer scale can be obtained by the means of HR-TEM. Therefore, all three particle 

types were assembled through solvent evaporation on a 15 nm silicon nitride membrane and 

heat-treated at 325 °C analogous to the mesocrystal specimen. The organically linked 2D 

assemblies were analyzed by HR-TEM and FFT to determine their facet-to-facet particle 

distance and orientation as illustrated in Figure 4d. In addition, no sign of PtNC altering, 

deformation, or particle fusion could be observed for the 2D assemblies. While the trend of the 

particle spacing from OLA to LLA remains identical to the as-prepared PtNCs, it is evident 

how the particle distance before and after heat treatment notably reduced by over 8% from 2.8 

± 0.3 nm to 2.5 ± 0.3 nm for OLA, 3.1 ± 0.2 nm to 2.8 ± 0.3 nm for LOA and 3.8 ± 0. 2 nm to 

3.5 ± 0.3 nm for LLA in all three cases as illustrated in Figure 4e. This change in particle 

distance suggests an increase in conductivity due to a smaller tunneling barrier at shorter 
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particle distances for the mesocrystals but does not solely explain an increase of seven orders 

of magnitude. 

 

Figure 4. Graph (a) compares the mesocrystal conductivities as determined from several 
specimens for each, heat-treated and as-prepared (untreated) sample. FE-SEM images in (b) 
and (c) show a mesocrystal and its surface after heat treatment, indicating no significant altering 
of the mesocrystalline structure has occurred. The HR-TEM image (d) shows a heat-treated 
LOA stabilized PtNC 2D self-assembly with an exemplary determined particle distance of 2.77 
nm as well as the corresponding FFT analysis to determine the particle orientation. Graph (e) 
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illustrates the measured average particle distances of heat-treated and as-prepared samples. 
Scale bar in (a, inset) is 10 nm-1. 
 

Hence, HR-TEM in combination with High-Angle Annular Dark-Field Scanning Transmission 

Electron Microscopy (HAADF-STEM) imaging on the heat-treated mesocrystals was 

performed to fully explain this behavior. Due to the strong electron absorption of platinum, a 

thin piece of a fragmented mesocrystal sample was investigated which allows transmission of 

electrons and the observation of the inner mesocrystal rather than its exterior surface (Figure 5a 

and 5b). Several rows of ordered PtNCs with small but visible gaps in between can be located. 

The nanocubes appear to have retained their cubic shape and order, although their gaps are 

much narrower often contacting neighboring particles in at least one direction of ordering as 

illustrated in Figure 5b inset. HR-TEM images at 300kX shown in Figures 5c and 5d reveal 

how mineral bridges and particle fusion of the individual PtNCs occurred in parts of the 

mesocrystal. Figure 5d and the corresponding FFT analysis (Figure 5e) demonstrate how the 

initial mesocrystalline particle orientation shown earlier facilitates particle fusion of the PtNCs 

into a single crystalline superstructure. The formation of mineral linkage and particle fusion 

upon heating in semiconductor nanoparticle-based mesocrystalline films on the example of PbS 

nanoparticles has been reported before[25] supporting our observations. Furthermore, the 

thermal altering of an oleic acid into a carbon framework as we observed it 

(Supporting Information 4) is already known to promote electron transport, which was shown 

on the example of self-assembled Fe3O4 nanocube superlattices.[15b] Therefore, we conclude 

that the formation of mineral bridges between the particles is the primary reason for the high 

conductivity of the heat-treated mesocrystals, supported by a contributing effect of the altered 

carbon framework enhancing its conductivity even further. Although the formation of mineral 

bridges most likely dominates the electrical conductivity throughout the mesocrystal it remains 

unclear how high the contribution of electron propagation through the carbon framework or 

tunneling effects is. In an effort to reliably quantify the individual effects on overall 
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conductivity in future work, it will be necessary to separate the carbon framework from the 

platinum structure through oxidation/dissolving.  In addition, sophisticated high resolution 3D 

mapping of the mesocrystal could be conducted, to quantify the degree of mineral bridge 

formation within the bulk of the crystal. 

 

Figure 5.  STEM images in transmission bright field (a) and HAADF (b) of a heat-treated OLA 
stabilized PtNC mesocrystal fragment. HR-TEM images at 300kX show the partially fused (c) 
and mineral bridged (d) PtNCs forming a highly crystalline structure as the FFT (e) of image 
(d) reveals. Scale bar in (e) is 5 nm-1.  
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In an effort to expand and compare our findings to other mesocrystalline superstructures, we 

conducted measurements on mesocrystals fabricated from iron oxide nanocubes (IONCs) of a 

similar size (12.0 ∓ 1.5 nm) and likewise stabilized by OLA in hexane 

(Supporting Information 5). It is important to notice here, that the IONCs consist of a mixture 

of predominantly Fe3O4 (magnetite) with minor amounts of Fe2O3 (maghemite).[9b] As expected, 

we found that the resistance of these mesocrystals reached the limits of the nanoprobe 

measuring system as a result of the low inherent conductivity of magnetite/maghemite in 

combination with the high barrier of electron tunneling due to OLA (Figure S8b). With a 

resistance of >100 GΩ, it can be stated that the IONC based mesocrystals are highly isolating. 

Analogous to the PtNC based mesocrystals, the IONC based mesocrystals were heat-treated 

and subsequently measured to exhibit a significantly lower resistance of 32 ± 3 MΩ (Figure 8a 

and S8c). This value is in good agreement with the reported conductivity for bulk of a 

magnetite/maghemite  mixture and when additional discontinuities within the material are 

considered.[26] This further consolidates our previous findings that demonstrate the formation 

of mineral bridges allowing electron propagation comparable to the bulk material. 

While platinum nanoparticles are already well known for their catalytic and electrochemical 

properties, iron oxide nanoparticles also hold astounding new properties such as 

superparamagnetism.[9a] In order to expand the observations made in this work onto 

multicomponent materials we utilized both materials to create micrometer sized 3D binary 

mesocrystals that contain PtNCs as well as IONCs according to our recent work.[14b] The 

obtained structures are illustrated in Figure 6b and have been analyzed in 

Supporting Information 6. Upon determining their conductivity, we found that the 

incorporation of foreign particles into a mesocrystalline host lattice (Figure 6c) does not result 

in a measurable impact on the conductivity of the untreated binary mesocrystals. Binary 

mesocrystals where PtNCs form the host lattice and IONCs are incorporated into the structure 

(PtNCIONC) exhibit a similar conductivity (595 ± 61 MΩ) as pure PtNC based mesocrystals with 
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a resistance of 915 ± 92 MΩ (Figure 6a). Equal observations can be made for the inverse 

counterpart where PtNCs are incorporated into a IONC mesocrystal host lattice (IONCPtNC). 

Again, embedding of PtNCs does not result in a measurable increase in conductivity of the 

mesocrystals as they still show the insulating behavior of pure IONC based mesocrystals 

(Figure 6a). In reference to our preceding work, where we analyzed the portrait binary 

mesocrystal samples, we demonstrated that a significant amount of “foreign” particles are 

embedded into the host mesocrystals by the means of FE-SEM, EDX and HR-TEM analysis 

(Figure S9) as well as software assisted particle detection methods.[14b]  

When it comes to the conductivity of the heat-treated binary specimen, a slightly different 

picture is painted. Our findings so far demonstrated, that the heat treatment resulted in a 

formation of mineral bridges between the individual building blocks. Thus, a physical 

connection between the different materials can be expected, which should result in a 

contribution of the introduced particles to the electrical properties of the host material. In fact, 

we found that the resistance of the mesocrystals actually behaves as one would expect when 

mixing a highly conductive material with an insulating one. The conductivity of IONCPtNC 

binary mesocrystals increases significantly by two orders of magnitude with a measured 

resistance of 168 ± 17 kΩ. In accordance, an inverse effect is measurable for the PtNCIONC 

binary mesocrystals. There, an increase in resistance from 7.5 ± 0.8 Ω to 22 ± 2 Ω is measurable, 

yet less pronounced in comparison to its inverse counterpart. Based on these observations, the 

amount of incorporated particles, which had been determined to be only 0.68% for IONCPtNC 

but significantly higher for PtNCIONC binary mesocrystals, appears to directly correlate to the 

conductivity of the material.[14b] Although the remaining obstacle of precisely controlling the 

amount of incorporated particles within the binary mesocrystals needs to be overcome first, this 

method already allows for a continuous tuning of the conductivity as a function of amount of 

incorporated particles. 
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Nevertheless, we were able to provide analytical evidence that this method is a cost-effective 

way to increase the platinum mesocrystal volume without diminishing its electrical conductivity 

for the untreated samples or even tune it if subsequently heat-treated. This enables the 

introduction of potential catalytic, magnetic or even superparamagnetic properties into the 

otherwise monophasic mesocrystal by the combination of two materials. The exact physical 

and electrochemical effects however have to be investigated in more detail to clarify any 

dependencies. Ultimately, a much more sophisticated analytical process including synchrotron 

based SAXS and WAXS measurements, SQUID measurements as well as nanometer resolution 

element mapping is needed in order to conclude any well-grounded explanations. The latter 

section of this research article therefore focused on presenting a brief outlook into the vast 

possibilities, which come alongside such multicomponent superstructures that can be explored 

in further work.  
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Figure 6.  (a) compares the resistances of monophase PtNC and IONC based mesocrystals as 
well as binary PtNC/IONC mesocrystals (blue) with their heat-treated analogues (black). 
Resistances have been obtained through the previously described I-V measurements on a 
sample size of five mesocrystals per type. All four different types of mesocrystals are illustrated 
in (b) indicating their IONC/PtNC content from left to right. FE-SEM images of the mesocrystal 
surfaces in (c) allow for a differentiation of high contrast PtNC from low contrast IONC due to 
an increased secondary electron emission for high atomic number materials. Scale bar in (c) is 
50 nm.  
 
  



  

21 
 

3. Conclusion 

Within the scope of this work, we presented a method to determine and investigate the electrical 

properties of colloidal metal / metal oxide superstructures in form of large, micrometer-sized 

PtNC and/or IONC based mesocrystals. Conductivity measurements were established through 

nanoprobing individual specimen and recording multiple successive I-V sweeps. Through 

variation of chemically similar but structurally different PtNC capping agents in form of OLA, 

LOA and LLA we can reproducibly tune the conductivity of our mesocrystals. In an effort to 

study the underlying electron conduction mechanism, we observed that the inherent 

mesocrystal resistance increases alongside the facet-to-facet particle gaps within the assemblies. 

This change in particle distance is caused by the varying amount of C=C double bonds within 

the capping agent as we report. In addition, temperature-dependent I-V measurements, rule out 

a metallic conduction mechanism as the mesocrystal resistance reduces exponentially with 

increasing temperatures. As a result, we conclude that a thermally activated tunneling 

mechanism is responsible for the electron propagation throughout the mesocrystal. This 

mechanism is furthermore favored by the mesocrystalline ordering that facilitates an oriented 

facet-to-facet particle arrangement and suggests that the observed conduction mechanism 

should therefore be transferable onto many other metal nanoparticle-based mesocrystals. The 

deliberate selection of unsaturated fatty acids as the intermediate surfactant further enables a 

hardening of the soft and fragile mesocrystal structure through organically linking while 

simultaneously increasing the conductivity by seven orders of magnitude. Furthermore, we 

were able to show that our findings can also be expanded onto multicomponent systems such 

as binary mesocrystals, where the interplay of platinum and iron oxide nanoparticles can lead 

to multifunctional materials. It was clearly demonstrated, that the electron conducting behavior 

of such materials can either be retained or be tuned by subsequent heat treatment while adding 

the magnetic or potentially superparamagnetic properties of iron oxide nanoparticles.  
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The broad range of properties from soft to hard, dissolvable to permanent and insulating to 

conducting that can be achieved with this novel class of metamaterial is highly promising. This 

demonstrates how nanocrystals can act as a versatile building block for a potential fabrication 

of functional mesocrystals with controllable electronic features. 
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4. Experimental Section/Methods 

Chemicals: Tungsten hexacarbonyl (99%) and platinum (II) acetylacetonate (98%) were 

provided by abcr (Karlsruhe, Germany). Linoleic acid (LOA) (99%), toluene (99.8+%) and 

oleylamine with a C-18 content of 80–90% were purchased from Acros Organics (Geel, 

Belgium). Linolenic acid (LLA) (70%) was supplied by TCI (Tokyo, Japan) and oleic acid 

(OLA) (99%) was received from Alpha Aesar (Kandel, Germany). Tetrahydrofuran (100%), 

hexane (98%) and ethanol (99,8+%) were purchased from VWR (Darmstadt, Germany) as well 

as Roth (Fontenay-sous-Bois, France). All chemicals were used without further purification.  

 

Platinum Nanocube (PtNC) Synthesis: The synthesis of platinum nanocubes has been carried 

out according to a slightly modified procedure, which has been reported by Zhang et al.[14c] A 

mixture of 3.56 g of oleic acid in 16 ml of oleylamine, 40 mg platinum(II) acetylacetonate was 

added and placed in a two-neck Schlenk flask equipped with a reflux condenser, attached to a 

N2-Schlenk line. The mixture was heated subjected to vacuum for 10 minutes and subsequently 

heated to 120°C under a slow Nitrogen flow while vigorous stirring. 100 mg of tungsten 

hexacarbonyl were added to the solution and the temperature was raised to 245°C. This 

temperature was hold for further 60 minutes under continuous agitation before cooling back to 

room temperature. The crude black product was separated by centrifugation with a relative 

centrifugal force (RCF) of 7960 G for 25 minutes and treated with anhydrous hexane in three 

separation cycles. Platinum nanocubes were obtained as a black and oily solid and redispersed 

in either hexane, toluene or tetrahydrofuran for further use. The particle dispersion was stored 

under light exclusion to prevent decomposition. 

 

Iron Oxide Nanocube (IONC) Synthesis: A heating-up method was used to produce iron oxide 

nanocubes from an Iron (III) Oleate Precursor in a two-step synthesis.  
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To obtain the Iron (III) Oleate Precursor, a 100 ml two-neck Schlenk flask was filled with Iron 

(III) chloride hexahydrate (1.35 g, 5 mmol) and sodium oleate (4.58 g, 15 mmol) under nitrogen 

atmosphere, degassed and subsequently stirred in a mixture of ethanol (10 mL), hexane (18 

mL), and MilliQ water (8 mL) until everything dissolved. This solution was Freeze-Pump-

Thawed in a liquid nitrogen bath for one cycle to remove any solved oxygen. While stirring, 

the mixture heated to a reflux temperature of 80°C for four hours. The resulting two phase 

product was washed with milliQ water (3 x 50 mL) and the organic phase separated before 

drying over Mg(SO4)2 to remove any water residues. Rotary evaporation at 50 °C / 330 mbar 

was performed to remove the organic solvents, until the crude product in form of a dark brown 

oil was obtained, which is stored at 4 °C until further use. 

The previously prepared iron (III) oleate (4.54 g, 5 mmol), sodium oleate (218 mg, 0.72 mmol) 

and highly purified fatty acid (e.g. 99% pure oleic acid) (227 µL, 0.72 mmol) were placed 

within a three-neck flask and dissolved in 1-octadecene (25 mL). The mixture was then dried 

under vacuum at 60 °C for 30 min while stirring to remove remaining water and dissolved 

oxygen. The so prepared reaction mixture was subjected to a reflux temperature of 320 °C under 

nitrogen atmosphere using a heating ramp of 3.3 °C/min. At this temperature the reaction was 

stirred for further 30min before removing the heating source and cooling back to room 

temperature while stirring. The now black liquid was transferred into several falcon tubes and 

purified through centrifugation for multiple times. At first, double the amount ethanol was used 

to dilute the crude product and separated with a RCF of 210 G (15 min, two times) and then 

with a mixture of ethanol to toluene decreasing each washing cycle (4:1, 3:1, 2:1) for three 

times at a RCF of 9000 rpm (15 min). Larger agglomerates can be separated by a syringe filter 

after dispersing the purified product in the desired solvent such as THF, toluene or hexane. 

 

Mesocrystal Formation via Gas-Phase Diffusion: A cleaned 5x7 mm double side polished 

silicon wafer snippet and 300 µL of a prepared particle dispersion containing 3 µl/ml of highly 
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purified fatty acid (e.g. oleic acid (99%)) were placed within a 1 ml flat bottom glass vial. The 

silicon snippet was cleaned by 10-15 min gradual ultrasonification in first ethanol then iso-

propanol, acetone, ethylacetate, toluene and toluene. The so prepared 1 ml flat bottom glass vial 

was placed inside a 5 ml screw cap vial, which was prepared to contain 1.5 ml of an 

ethanol/dispersion solvent (50:50) mixture. The crystallization setup was then stored within a 

desiccator containing an ethanol rich atmosphere for multiple days, depending on the dispersion 

solvent (THF 1-2 days, Toluene 7-14 days, Hexane 14+ days). When the crystallization is 

finished, the mesocrystals holding silicon snippet was carefully removed and immediately 

immersed into a pure ethanol solution for 30 seconds before drying in air. 

 

Binary Mesocrystal Formation via Gas-Phase Diffusion: Binary mesocrystals were prepared 

analogous to the formation of mono-phase mesocrystals as described above. The prepared 

particle dispersions however consist of mixtures of equally sized particle batches from two 

different materials (e.g. IONCs and PtNOCs) as determined via TEM analysis (Supporting 

Information 1 and 5). The mixing ratios can vary depending on other factors such as particle 

concentration as well as particle size distribution and need to be determined in various control 

experiments. The resulting particle dispersion mixture is prepared to contain 3 µl/ml of highly 

purified fatty acid (e.g. oleic acid (99%)) before continuing with the mesocrystal formation. 

 

Heat treatment of Fatty Acid Stabilized Mesocrystals: The prepared mesocrystal samples were 

heat-treated in a Nitrogen atmosphere using an Unitemp RTP oven. Prior to heating, the oven 

was evacuated and flushed with nitrogen gas three times, before slowly raising the temperature 

to 320°C over the course of 3 hours. The temperature was then hold for further 20 minutes 

before slowly cooling to room temperature within 1 hour. Heat-treated mesocrystals show a 

significant change in structural rigidity as already reported in literature.[15a] 
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Sample Fabrication: p-doped Silicon (Si) substrates with a 1000 nm (±5%) thick thermally 

grown silicon dioxide (SiO2) layer from Active Business Company GmbH are cut into 5 mm x 

7 mm pieces and cleaned in deionized water, followed by acetone and isopropanol in an 

ultrasonic bath for ten minutes each. An optical lithography process in combination with 

reactive ion etching (RIE) is applied to generate a marked grid with 300 µm x 300 µm fields, 

which enable to locate a specific mesocrystal. For mesocrystal formation the samples are placed 

in the 1 ml glass vial mentioned beforehand.  

 

In-situ Nanoprobing: For in-situ I-V measurements a nanoprobing system from Imina 

Technologies was transferred to the SEM chamber, which enables the usage of up to four 

individual miBot nanoprobers. Tungsten tips with a radius of 100 or 1000 nm were used for 

measurements. A well-grown mesocrystal per marker field is selected and contacted by two of 

the tips. The nanoprobes are connected to a Keithley 2401, which can be controlled remotely 

by a Matlab program to perform in-situ I-V measurements (voltage range: 1 µV-20 V, current 

range: 10 pA-1 A). For every sample five to ten different as-prepared and heat-treated 

mesocrystals are measured and the distance between the tips is kept between 4 and 10 µm 

dependent on mesocrystal size. The electron beam was blocked during electrical measurements 

to prevent influences of incident electrons.   

 

Temperature-dependent I-V Measurements: Grown mesocrystals are transferred to a Si wafer 

with a 1 µm thick SiO2 layer on top for temperature-dependent I-V measurements. The sample 

exhibits pre-fabricated finger electrodes with distances of 20 and 40 µm. Afterwards a 

nanoprobe manipulation is used to deposit a single mesocrystal between the finger electrodes. 

For fixation and contacting of the crystal, a focused ion beam (FIB) in combination with a gas 

injection system (GIS) is applied to deposit Pt connections. The sample is placed in a cryostat 

to perform I-V measurements with a Keithley 2401 from 80 to 300 K in vacuum (pressure < 
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10-5 bar). To ensure equilibrium, the sample is kept at each temperature for 15 minutes before 

performing an I-V sweep. 

 
 
Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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Supporting Information 1: Platinum Nanocubes (PtNCs) 

We used TEM imaging in combination with a software (Olympus iTem) assisted particle 

detection method to determine the number weighted average particle size of our platinum 

nanocube dispersions as well as their size distribution and aspect ratios as shown in Table S1 

and Figure S1. The center (xc) of the Gaussian fit gives the average particle while we chose the 

Full Width at Half Maximum (FWHM) to represent the width of the size distribution, which 

we indicated by its value placed behind the ∓ symbol. The aspect ratio was determined for each 

particle individually and the arithmetic mean for the examined sample calculated. 

 
Table S1. Particle analysis of three different stabilized PtNC dispersions. The center of the 
Gaussian fit (xc) and its FWHM, as well as the arithmetic mean of the particle Aspect Ratio 
(diametermax/diametermin) of all three PtNC batches is shown in the Table below. The Total 
Count of particles detected for this analysis is shown in the last column. 
 

PtNC Sample xc [nm] FWHM [nm] Aspect Ratio Total Count 

OLA 10.63 ± 0.01 2.25 ± 0.03 1.32 ± 0.11 1957 

LOA 10.75 ± 0.09 2.48 ± 0.27 1.32  ± 0.19 1059 

LLA 12.25 ± 0.10 2.96 ± 0.33 1.30 ± 0.20 2948 

 

 

Figure S1. TEM images and the corresponding size distributions determined by software 
(Olympus iTem) assisted particle detection of OLA (a), LOA (b) and LLA (c) stabilized PtNCs. 
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Supporting Information 2: In-situ Nanoprobing of Individual PtNC Based Mesocrystals 
 
The used Si/SiO2 samples were structured before mesocrystal growth. Therefore, an optical 

lithography step in combination with an etching process was applied to generate a grid 

consisting of 15 (labeled with I-XV) 300 µm x 300 µm fields as depicted in Figure S2a. This 

enables the identification and several two-point I-V measurements of the same mesocrystal by 

the nanoprobing system, which is integrated in a FE-SEM, to investigate influences of different 

treatments and measurement conditions (Figure S2b).  

   

 
 
Figure S2. Mesocrystal selection for two-point measurements of single Pt mesocrystals. (a) An 
etched grid is used to identify coordinates of the selected mesocrystals. (b) Taken FE-SEM 
images allow the relocation of the same crystal to perform I-V measurements after different 
treatments. 
 

However, I-V measurements on LOA (Figure S3a and S3b) and LLA (Figure S3c and S3d) 

stabilized mesocrystals with a tip distance of ~ 10 µm show an almost insulating behavior with 

resistances > 1010 Ω, which is in the range of the resolution limit of the used Keithley 2401. 

Therefore, the measured I-V curves are quite noisy resulting in an increased error of the 

calculated resistance values. Nevertheless, crystals with LLA are still less conductive than the 

LOA ones since the error is < 10 % of the determined resistances. 
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Figure S3. I-V measurements of LOA ((a) + (b)) and LLA ((c) + (d)) stabilized Pt mesocrystals. 
Both types of crystals show a very high resistance, which results in quite noisy I-V curves. 
 

Regarding two-point measurements it is important to investigate the influence of contact 

resistance. To account for this, the same mesocrystals have been measured with different 

Tungsten tip diameters, namely 200 nm and 2000 nm. Consequently, the contact area should 

be roughly 100 times larger for the bigger tips and reduce the contact resistance drastically. 

Though, measured resistances with the 2000 nm tips (dark blue bars) are comparable to the 200 

nm ones (light blue bars) as shown in Figure S4a. This result is further confirmed by test 

measurements on another mesocrystal per location with the bigger tips (green bars). Therefore, 

the contact resistance seems not to be a limiting factor and measured resistances reflect the 

electrical properties of Pt mesocrystals. However, it was observed that longtime measurements 

on the same mesocrystal can change its electrical properties quite drastically. Their 

conductivities increased irreversibly, which we attributed to a permanent altering of the crystals 
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itself resp. thermal crosslinking of the unsaturated fatty acids due to Joule Heating during I-V 

sweeps or electron bombardment of the electron beam. An example is shown in Figure S4a for 

the mesocrystal at position 14 which was measured with both tip diameters. The ratio R/L 

decreased more than two orders of magnitude after several longtime measurements. This 

increase in conductivity is also visible for the measured I-V curves at different measurement 

days in Figure S4b.    

 

 

Figure S4. Influence of tip diameter and repeated measurements on the measured crystal 
resistance. (a) Measurements of the same mesocrystal by nanoprobe tips with a diameter of 200 
nm (light blue) and 2000 nm (dark blue) show that the contact resistance is not a limiting factor. 
Another crystal measured with the 2000 nm tips (green) confirms this finding with a comparable 
resistance. However, if several extensive measurements are performed on a single crystal the 
resistance changes quite drastically (crystal at position 14), which is also observable in the I-V 
curves measured at different days as illustrated in (b).   
 

Finally, the influence of tip placement is investigated. Usually, the nanoprobers are placed on 

the crystal surface to ensure a reproducible tip separation of ~10 µm and sufficient contact for 

different measurements. However, this could imply that the performed two-point measurements 

only reflect the conductivities of Pt mesocrystal surfaces instead of the bulk. To rule that out an 

OLA stabilized mesocrystal was transferred to a sample with pre-fabricated Au electrodes and 

the measurement tips were placed on the mesocrystal and electrode surface, respectively 

(Figure S5a). The resulting I-V curve and calculated resistance in Figure S5b is comparable 
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to previous measurements of this crystal type. Therefore, the performed two-point 

measurements on the crystal surface also reflect the intrinsic electrical properties of the 3D 

structure.     

    

 

Figure S5. Influence of measurement direction. (a) A OLA stabilized crystal is placed on pre-
fabricated Au electrodes to enable an I-V measurement through the crystal. (b) The I-V curve 
and calculated resistance is comparable to previous two-point measurements on the crystal 
surface. 
 

Supporting Information 3: Conductivity Measurements along Mesocrystal Facets  

Since the electrical conductivity of mesocrystals is dominated by the facet-to-facet particle 

distance the arrangement of nanoprobing tips in respect to nanoparticle orientation could 

influence measured resistances R. However, I-V measurements perpendicular and diagonal to 

the outer faces of OLA stabilized mesocrystals for a tip separation of L ~ 10 µm do not show a 

significant difference (Figure S6). Especially, the ratios R/L end up in similar values of 180 

MΩ/µm and 181 MΩ/µm for measurements diagonal and perpendicular to the nanocube facets, 

respectively. Therefore, we could not observe any clear relation between the internal structure 

of mesocrystals and measured resistances. 
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Figure S6. Influence of nanoparticle orientation. I-V measurements diagonal ((a) and (b)) and 
perpendicular ((c) and (d)) to the outer faces of the mesocrystal give similar ratios R/L, i.e. the 
influence of nanoparticle orientation on measured resistances seems to be negligible.    
 

Supporting Information 4: ATR FT-IR Spectroscopy of PtNC based Mesocrystals 

ATR FT-IR Spectroscopy of as-prepared OLA stabilized PtNC based mesocrystals was 

performed and compared with the spectra obtained from a heat-treated sample in order to 

investigate the altering of the oleic acid. In the as-prepared spectra of Figure S7 two signals at 

2920 cm-1 and 2852 cm-1 are visible which correspond to the CH2 and CH3 stretch modes of the 

OLA tail. The three sharp signals can be contributed to the C=C (1634 cm-1) and C=O (1538 

cm-1) stretching as well as the C-H bending (1465 cm-1) modes. The shift of the C=C and C=O 

stretching modes towards lower wavenumbers when compared to pure oleic acid is a result of 

the interaction of the COOH head group of the OLA with the PtNC surface.[24a] If the spectrum 

is compared to the heat-treated sample, it is evident how the CH stretching modes practically 

disappear and the C=C/C=O modes significantly decrease in strength accompanied by a 
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broadening of their signal. In addition, two broad signals at 3300 cm-1 and 1050 cm-1 emerge, 

indicating a strong decomposition of the OLA.[24b]  

 

Figure S7. FT-IR spectra of an as-prepared OLA stabilized PtNC based mesocrystal in blue 
and the same specimen after heat-treatment at 325°C in black. The characteristic vibration 
modes have been labeled accordingly and their values are as follows: =C-H stretch (3007 cm-

1); CH2 stretch (2920 cm-1); CH3 stretch (2852 cm-1); C=C stretch (1634 cm-1); C=O stretch 
(1538 cm-1); C-H bend (1465 cm-1). 
 
Supporting Information 5: Iron Oxide Nanocube (IONC) Based Mesocrystals 

Iron oxide nanocubes have been synthesized according a two-step heating method as it has been 

described in the experimental section and already reported in literature.[16a] The particles where 

characterized by the means of SAED and their average particle size was determined to be 

12.0 ∓ 1.5 nm after re-crystallization through software assisted TEM analysis (Figure S8a) 
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analogous to the method described within Supporting Information 1. From these particles, 

mesocrystals were formed through the gas-phase diffusion technique to obtain superstructures 

of 50 to 100 µm in size. Conductivity measurements of the IONC based mesocrystals show a 

very high resistance of > 100 GΩ, which is above the detectable limit of the used nanoprobing 

system, indicating an insulating material as shown in Figure S8b. The crystals have been 

subjected to heat treatment equal to the PtNC based mesocrystals which resulted in an increase 

in conductivity and a resistance of 32 ± 3 MΩ (Figure S8c) which is close to the expected 

resistance of polycrystalline bulk iron oxide.[26] 

 

Figure S8. Software (Olympus iTem) assisted particle detection of TEM images of a 
recrystallized IONC batch gave an average particles size of 12.0 nm, which is indicated by the 
center xc auf the Gaussian fit (red) in figure (a) and a particle size distribution of 1.5 nm given 
by its FWHM. FE-SEM images and the corresponding I-V curves of 10 µm distanced 
nanoprobes for an as-prepared (b) and heat-treated (c) IONC based mesocrystal are provided. 
Scale bar in inset (a) is 0.5 nm-1. 
 

Supporting Information 6: Binary Mesocrystals from Platinum and Iron Oxide Nanocubes 

Two variants of binary mesocrystals have been synthesized according to a procedure, which we 

reported on in detail in literature.[14b] Both mesocrystals batches contain a combination of 

IONCs and PtNCs although in opposing amounts. Figure S9a shows FE-SEM images of a 

IONC based binary mesocrystal with incorporated small amounts of PtNC which can be seen 

in the high-resolution image (Figure S9b) due to the higher contrast of platinum already. A 

similar observation is made for an inverse superstructure (Figure S9c), where PtNCs form the 

host lattice while IONCs incorporate into it as shown in Figure S9d. This conclusion is backed 
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up by EDX point analysis of the binary mesocrystals’ center (Figure S9e) as well as in depth 

investigations which we have presented in a preceding research article.[14b] 

 

Figure S9. FE-SEM images of binary mesocrystals from IONCs and PtNCs. (a) shows an IONC 
host lattice containing small amounts of PtNCs as indicated by the bright spots in the high-
resolution image of the binary mesocrystal surface in (b). Analogous, a PtNC host lattice binary 
mesocrystal with an incorporation of IONC is displayed in (c) and (d). This observation is 
backed up by point EDX analysis (e) at the center of both specimens marked with a star in (a) 
and (b). 
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