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Organisms routinely produce minerals, called biominerals, with altered materials 

properties compared to geologic or traditional lab-grown crystals that are suited to the 

organism’s needs. By manipulating the mineral growth, the organisms can alter the 

crystal structure, shape, orientation, and composition, which collectively determine the 

material’s properties. For example, the mollusk grows its calcium carbonate shell in a 

gel-like organic template, helping transform the fragile mineral into a stronger 

material that is hard to break. In another example, a certain class of bacteria uses 

nanoscale confinement to grow a specific size and shape of iron oxide nanoparticles, 

which the bacteria can use as a compass to navigate along the Earth’s magnetic field. 

By translating these biomineral growth strategies to the laboratory, we can achieve a 

high degree of control over crystalline architectures in a wider range of materials 

systems than organisms can produce. Because many magnetic and electronic 

properties depend strongly on nano- and microstructure, the ability to grow complex 

crystalline architectures made of magnetic or electronic materials enables new 

properties. 

My Ph.D. research was inspired by the ability of biominerals to form two types of 

structures: hierarchical structures that are ordered across many length scales and single 

crystal composites. For the first half of my Ph.D., I developed a model that predicts 

how control of hierarchical structure, in particular the crystalline texture, can help us 

engineer harder magnetic materials. I validated this magnetic model for mosaic 



 

crystals of hematite and developed growth pathways for another hierarchically-

structured magnetic material, bismuth ferrite. For the second half of my Ph.D., I 

formed a theoretical framework for how nano- and micro-particles incorporate into 

single crystals during solution crystal growth.  Finally, I developed a generalizable 

physical confinement-based approach to semiconductor/plasmonic nanoparticle 

composites for photocatalytic applications. 
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CHAPTER 1 

PRELIMINARY DISCUSSION  

1.1 Research Background 

 My whole career as a scientist has led me to undertake this interdisciplinary 

research project.  From my earliest research experiences in molecular biology as a 

senior high school to my subsequent summer internships, I have worked on a wide 

array of research topics. These varied research experiences and my undergraduate 

degree in physics strongly influenced the perspective that I bring with me when 

approaching scientific questions.  

 As such, when I joined the Estroff group at Cornell, I was particularly 

interested in the ways that bio-inspired crystal growth can enable new electronic and 

magnetic properties. I would not have been able to undertake such a project had I not 

felt prepared to work at the interface between biology, chemistry, physics, geology 

and more.  

 In my Ph.D. work, I combined an eagerness to delve into the underlying 

physical principles of my research projects and an ability to translate those complex 

topics to audiences from diverse backgrounds. This combination helped me add a new 

research direction to the Estroff group, and also allowed me to begin to fill the critical 

gap of missing structure-property relations in the field of bio-inspired crystal growth.  
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1.2 Dissertation Introduction 

Biomineralization, the process by which organisms grow crystals, produces 

materials with complex architectures that impart improved functionality compared to 

their non-biogenic counterparts. In many examples, these biominerals have modified 

mechanical properties compared to their geologic counterparts, as seen in the 

increased hardness in the calcite prisms of the mollusk [1] or in the enhanced 

toughness of the amorphous silica surrounding diatoms[2]. In other examples, 

biominerals enable the organisms to perform magnetic or optical sensing, as seen in 

the cases of the magnetotactic bacteria, which synthesize a chain of iron oxide 

nanocrystals that act as a compass for the bacteria[3], or the brittestar, which forms an 

array of calcite lenses that focus light onto photoreceptors.[4] In all these cases, the 

organisms precisely control the size, shape, location, polymorph, crystallographic 

orientation, and inclusion of additives into the crystal at low temperature in water. By 

learning from and translating the strategies that biology uses to grow crystals into the 

laboratory, we can then grow a wider range of materials with the same control over 

crystal morphologies.   

Much research has focused on translating biomineral growth strategies into the 

laboratory to produce crystalline materials with similar structural characteristics. 

However, most of those studies end with sweeping claims about how their material 

might have new and exciting properties. The goal of my thesis was to make the 

critical connection between the bio-inspired nanostructures and the 

electromagnetic properties of the materials. Many electronic and magnetic 
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properties are highly sensitive to nanoscale features. Therefore, new structure-property 

relationships must be developed for these complex bio-inspired nanostructures. In my 

thesis work, we focus on two unique structures that are achieved in biomineral 

systems: single crystal composites and hierarchical structures, both of which are 

challenging to achieve using traditional growth methods.  

1.3 Dissertation Overview 

The scope of this thesis is to translate themes from biomineral growth into the 

laboratory to enable new electromagnetic properties. 

In Chapter 2, we discuss the perplexing topic of single crystal composites. 

Crystallization is often used as a method for purification as it is thought to repel 

impurities from the perfect, periodic arrangement of atoms in the lattice. However, 

biomineralization routinely creates composite crystals, where second phases are 

incorporated within single crystalline domains. These second phases can range in size 

from atomic and small molecule impurities to proteins and biomacromolecular fibers.  

We review what is known about the identities and strategies for incorporation 

of additives in biogenic crystals. With this knowledge, many examples have 

demonstrated the use of bio-inspired growth strategies to create single crystal 

composites in the lab.  However, incorporation of nano- and micro-particles into 

crystals during aqueous solution growth remains poorly understood. Previously, most 

researchers in the field of bio-inspired crystal growth trying to trap particles within 

crystals relied on theory from how particles are captured in melt crystallization. 

However, these melt growth models do not consider the critical ways that solution 
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crystal growth mechanisms (spiral, layer-by-layer) or solution chemistry will affect 

incorporation. Here, we provide a theoretical framework to describe the forces 

responsible for particle occlusion with supporting empirical evidence. In short, a 

repulsive crystallization pressure always acts to repel impurities from a growing 

crystal. Either confinement or intermolecular forces can be utilized to oppose the 

crystallization pressure and allow for particle incorporation.  

This review paper is in preparation to be submitted in February 2019 as an 

invited Focus article for Materials Horizons. The figures and schematics for this paper 

were prepared by Dr. Damian Palin.  

In Chapter 3, armed with strategies for creation of single crystal composites, 

we use confinement to grow composite nanorods of plasmonic nanoparticles 

entrapped within semiconducting oxides. Plasmonic nanoparticle/semiconductor 

composites hold promise for optoelectronic applications ranging from solar cells to 

photocatalysts. Up until this point, there are only two typical morphologies for such 

heterostructures, core-shell nanoparticles and pre-formed semiconductor 

nanostructures that are decorated with nanoparticles, but both have significant 

limitations on the degree to which the absorption and charge transfer can be enhanced. 

A composite architecture in which multiple nanoparticles can be incorporated into a 

crystalline rod without the insulating barriers associated with ligands could allow us to 

further enhance optoelectronic performance. 

Previous work from our group showed that track-etched membranes could be 

used as a template for the formation of composite Cu2O/Au nanoparticle rods,[5] 
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where a large number of Au nanoparticles are encapsulated within crystalline cuprite 

nanorods. In the current work, we show the generalizability of this physical 

confinement-based approach to create other semiconductor/nanoparticle composites, 

such as Cu2O/Ag and ZnO/Au. First, we load the track etched membrane with 

nanoparticles of an appropriate diameter with respect to the diameter of the pores such 

that the nanoparticles jam within the pores of the membrane. Then, using low-

temperature, aqueous growth methods, we grow metal oxide semiconductors, which 

grow into the membrane pores and encapsulate the nanoparticles. By incorporating 

collections of nanoparticles into crystalline rods, we access a relatively unexplored 

morphology of plasmonic nanoparticle/semiconductor heterostructure that we predict 

may have enhanced light collection and charge separation compared to the current 

typical morphologies.   

The work for this project was performed with the help of undergraduate 

student, Jeffrey Zheng, who performed much of the ZnO growth, and Masters student, 

Jennifer Tasneem, who will continue exploring the generalizability of this method. 

This project is a work in progress and will be submitted for publication at a later date.  

In Chapter 4, we present a predictive model for the magnetic interactions in 

one type of mesostructured crystal, the mosaic crystal. Due to the composite nature of 

many biominerals, they are frequently found to be mesostructured, meaning their 

crystalline order is in between the perfect order of a single crystal and the random 

order of a polycrystal.  Many examples of magnetic mesostructured crystals had been 

reported, but prior to my work, there was no framework to understand their magnetic 
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interactions.  

I proposed a new model for interpreting the magnetic interactions in crystals 

with mosaic texture called the mosaic anisotropy (MA) model. These crystals with 

mosaic texture are defined by a low degree of misorientation between the adjacent 

(coherent) crystalline domains, meaning grains are separated by small angle (< 15°) 

grain boundaries. Using mosaic crystals of hematite (α-Fe2O3) as a model system, we 

validate our prediction that small angle grain boundaries in mosaic crystals allow for 

enhanced remanence and coercivity compared to single or polycrystals. This structure-

property relationship demonstrated by this framework for the magnetic properties of 

mesostructured crystals reveal new routes to engineering harder magnetic materials. 

A version of this chapter appeared as a manuscript that was published in 

Applied Physics Letters, 5, 104901 (2017); doi: 10.1063/1.5007794. 

In Chapter 5, we grow hierarchically-structured bismuth ferrite crystals and 

explore elements of their growth pathway. Having developed a predictive model for 

the magnetic interactions in mesostructured crystals, we sought to grow other 

interesting magnetic materials with complex crystalline architectures. We chose 

BiFeO3, which is the only known, room temperature magnetoelectric material, 

meaning its ferroelectric and ferromagnetic polarizations are coupled. BiFeO3 has a 

similar type of magnetic order to hematite, which we explored in our previous study. 

However, this particular type of magnetic order actually complicates things. It means 

that bulk BiFeO3 has no net magnetization, while nanoparticulate BiFeO3 contains a 

magnetic polarization, but no electric polarization. These trends suggest that a BiFeO3 

morphology that is hierarchical, such that it is composed of small sub-units that are 
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arranged into a larger structure, may actually enable simultaneous ferromagnetic and 

ferroelectric polarizations.  

We first needed to improve our understanding of how hydrothermal synthesis 

can be used to control the phase-purity and morphology of BiFeO3. We identified a 

critical step, a prolonged pre-furnace, room-temperature reaction, necessary for phase 

purity in the hydrothermal synthesis of BiFeO3.  By considering the growth as a two-

step process and considering the intermediate products separately from the final 

products, we identified that formation of Bi25FeO40 in the intermediate products seems 

to favor BiFeO3 as the final product. The BiFeO3 crystals formed by our method 

appear to be collections of faceted sub-units and it appears that we can alter the size 

and qualitative orientation of these sub-units by removing some of the spectator ions 

during the furnace treatment. By studying the reaction pathways for the hydrothermal 

synthesis of BiFeO3, we lay the foundation for future work to explore the 

magnetoelectric properties of bismuth ferrite with hierarchical structures. 

A version of this chapter appeared as a manuscript that was published in 

Journal of Crystal Growth, 468 (2017) 104–109; doi: 10.1016/j.jcrysgro.2016.09.054. 
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CHAPTER 2  

SINGLE CRYSTAL COMPOSITES:  

TO INCLUDE OR NOT INCLUDE, THAT IS THE QUESTION* 

2.1 Motivation  

Single crystals, with their perfectly periodic arrangement of atoms, are typically 

thought to be free of impurities. Crystallization is even used as a purification technique, 

as foreign matter is rejected from the growing crystal.1 However, single crystals of both 

geologic and biological origin have been found to incorporate impurities. 

Understanding the processes that allow secondary phases to incorporate into single 

crystals not only addresses a curious issue, but it can also shed light on critical scientific 

questions that span disciplines. Studying gas or liquid inclusions in geologic minerals 

provides a snapshot of the geologic history of Earth, clueing scientists in to the 

atmospheric chemistry or volcanic activity billions of years ago.2,3 The remarkable 

mechanical properties of biologically-formed crystals, called biominerals, can be 

partially attributed to the incorporation of atomic and protein impurities.4 

Advancements in modern mechanical, magnetic and optoelectronic applications take 

advantage of composites, which can integrate dissimilar materials and outperform 

single materials. However, the successful integration of dissimilar components is a 

major synthetic challenge and we are currently limited in the types of composite 

                                                 
* Co-contributors to this chapter include Dr. Damian Palin, who created all the figures 

and schematics.  
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structures we can fabricate. In this focus article, we learn from the well-studied field of 

biomineralization to understand how single crystals incorporate secondary phases. Here, 

we propose a new theoretical framework for the incorporation mechanisms of particles 

into crystals, which we believe can be applied to the creation of future advanced 

composite materials.  

2.2 Biological inspiration for single crystal composites 

The earliest evidence for the existence of a biomineral single crystal composite 

relied on relatively unsophisticated characterization methods. Calcitic sea urchin 

spicules were known to “blink” uniformly when viewed by cross polarized microscopy, 

indicating they are single crystalline in nature. These same spicules, however, do not 

fracture along well-defined crystallographic planes as expected for a single crystal. 

Instead, their cracks are deflected, hinting at the presence of other species within the 

crystal.5 This contraindicating evidence has puzzled scientists for decades, but with 

advancements in materials characterization methods, we can now learn the distributions 

and identities of inclusions in biominerals.  

High resolution synchrotron x-ray diffraction of biominerals has been used to 

reveal the distribution of the additives within the crystalline lattice.6 Several studies 

have observed anisotropic deformations of the crystal lattice that are 

uncharacteristically large for ceramic materials.7–10 In these studies of calcite and 

aragonite biominerals from multiple mollusk species, their unit cell is systematically 

larger along the c axis than in their geologic counterparts, indicating that the additives 

seem to preferentially occlude on the (001) planes of the crystal structure. To visualize 

the spatial distribution of the nanoscale inclusions within biominerals, electron 
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microscopy has been used. By producing thin electron transparent sections of 

biominerals and imaging them using transmission electron microscopy (TEM), we can 

simultaneously observe a heterogeneous morphology with many obvious inclusions and 

a single crystal-like electron diffraction pattern (or single crystal-like fast Fourier 

transform).11–13 (Fig. 2.1A, B, Fig. 2.2B) To determine the 3D distribution of inclusions, 

tomographic reconstructions can reveal the preferential confirmation and orientation of 

proteins within the calcite or aragonite lattice.11,13,14 (Fig. 2.1C) While these methods 

provide information about the distributions of additives in the crystal, they can only 

provide limited information about the identity of the additives lies in the relative 

contrast of the crystal and additive. For example, annular dark field mode of TEM 

imaging and intensity profile measurements allow us only to determine that these are 

organic inclusions, but we learn nothing of their chemical composition.11,14 (Fig. 

2.1D,E)  

To chemically and spatially resolve the identities of the additives in biominerals, 

two main techniques are used: x-ray spectroscopy and atom probe tomography. X-ray 

absorption near-edge structure (XANES) and extended x-ray absorption fine structure 

(EXAFS) spectroscopy both probe local atomic structure. When these spectroscopic 

techniques are combined with photoelectron emission spectromicroscopy (PEEM), the 

combined method (X-PEEM) produces spatial maps with chemical information about 

the inclusions. 15–17 For example, in the brittle star lens (Fig. 2.2B), this method was 

able to resolve slight changes in local atomic structure to prove the nanodomains are 

inorganic Mg-rich calcite nanoparticles within a single crystal calcite matrix. 12 (Fig. 

2.2C, D) Atom probe tomography (APT) is the only method that can detect and study 



12 

 

true atomic-scale inclusions.18 By milling the biomineral sample into a fine needle 

shape, and then ionizing clusters of atoms from the tip of the sample and tracking the 

trajectory of the ions to learn their charge-to-mass ratios, we can create a chemical map 

of the components in the sample.19  APT is one of the only techniques that can identify  

Figure 2.1 (A) SEM image of single crystal prisms isolated from the calcitic layer of a 

mollusk shell (B) Higher magnification SEM image of a prism, with (inset) showing the 

FIB-thinned section of known orientation from within prism (C) A tomographic 

reconstruction shows the 3D distribution and preferential orientation of 

biomacromolecules incorporated within the thin crystalline section shown in (B). (D) 

HAADF-STEM image showing dark inclusions within a light crystalline matrix, 

indicating the inclusions have a lower Z than the crystal. (E) The intensity profile along 

the white dashed line from (D) compared with calculated intensities confirms that the 

dark regions are organic inclusions and not voids. Reprinted (adapted) with permission 

from H. Li, H.L. Xin, M.E. Kunitake, E.C. Keene, D.A. Muller, L.A. Estroff, Calcite 

prisms from mollusk shells (Atrina rigida): Swiss-cheese-like organic-inorganic single-

crystal composites, Adv. Funct. Mater 2011, 21, 2028–2034. Copyright 2011 John 

Wiley and Sons 
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Figure 2.2 (A) SEM of the calcitic brittle star lens. Reprinted by permission from Springer 

Nature : Aizenberg, J. Tkachenko, A., Weiner, S., Addadi, L., Hendler, G. Calcitic 

microlenses as part of the photoreceptor system in brittlestars, Nature. 2001 412, 819–822. 

doi:10.1038/35090573.  Copyright 2001 (B) High resolution TEM of a thin section from a 

brittle star lens shown in (A) shows a heterogeneous nanostructure with bright nanodomains 

simultaneous with an FFT pattern (inset) that is single crystal-like. (C) A PEEM map of the 

lens reveals the spatial distribution of low magnesium calcite (blue) and high magnesium 

calcite (green). Magnesium-rich calcite nanoparticles appear as cyan. (D) Oxygen XANES 

spectra of the lens and relevant control samples indicate that the crystalline structure of the 

lens calcite is similar to geological calcite, as shown by aligned peaks 1 to 4 (vertical lines), 

while the lens Mg-calcite is intermediate between calcite and dolomite (MgCO3), as shown by 

the position of peak 2. From Polishchuk, I.; Bracha, A. A.; Bloch, L.; Levy, D.; 

Kozachkevich, S.; Etinger-Geller, Y.; Kauffmann, Y.; Burghammer, M.; Giacobbe, C.; 

Villanova, J.; et al. Coherently Aligned Nanoparticles within a Biogenic Single Crystal: A 

Biological Prestressing Strategy. Science. 2017, 358 (6368), 1294–1298. Reprinted with 

permission from AAAS 
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small quantities of organic additives dispersed in a crystal.20,21  

The question of how these secondary phases are incorporated into the growing 

crystal remains. To do mechanistic studies of incorporation, we need to use model 

systems. Calcite is the main model biomineral, and synthetic studies have examined the 

incorporation of additives across a range of length scales.22–24 Ex situ growth of calcite 

in the presence of extracted biomineral proteins has helped reveal how these proteins 

can modify bulk morphology and inhibit crystal growth along specific crystallographic 

directions. 25,26 Fluorescent-labeling of these soluble biomineral proteins and imaging 

using sub-diffraction limit techniques have allowed for visualization of the internal 

structure of these crystalline composites.27–29  

To investigate the mechanisms by which these soluble proteins interact with 

growing crystals, “synthetic proteins,” like designer double-hydrophilic block co-

polymers (DHBCs) have been used. 30–32 These designer polymers allow for systematic 

studies of how polymer charge, functional group, hydrophobicity, etc. modify crystal 

growth, which provides insight on the necessary characteristics of proteins to 

incorporate into biominerals. When the DHBCs include highly charged acidic groups, a 

common feature of biomineral proteins, they too interact strongly with the growing 

crystal, drastically modifying its typical single crystal morphology.  In many cases, the 

DHBCs induce the formation of mosaic or mesostructured crystals, where the polymer 

occupies space at the grain boundaries between the neighboring crystalline sub-units, 

rather than incorporating within the crystallites themselves.33 The synthesis and 

mechanisms for forming these mosaic-type mesostructures is an active area of study34, 
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but in this article, our focus is understanding additives occlusion within a single crystal 

matrix.  

We further restrict the scope of this article to discuss occlusion of nano- and 

micro-particles into single crystals. As we saw earlier, in the biogenic systems, 

macromolecules often appear in isolated nanodomains within the crystalline matrix, 

suggesting that they may incorporate not in an extended conformation, but in collapsed 

protein aggregates.11 (Fig. 2.1C) Therefore, studying the incorporation of particles in 

crystals may serve as a more representative model system for understanding 

incorporation mechanisms of soluble biomineral additives. Furthermore, for crystals to 

occlude particles whose size is much larger than that of the crystal lattice presents a 

perplexing challenge.  Many models have described how particles can get captured by 

crystals during melt or freezing transitions. 35–38 In melt crystal growth, new growth 

units, and therefore additives too, are relatively agnostic to their crystallographic 

addition site. Solution crystal growth, especially at low supersaturations, new growth 

units preferentially add to kink and edge sites, during spiral and layer-by-layer growth, 

respectively. Other reviews have described how a wide size range of impurities, from 

small molecules to gel fibers, can incorporate into single crystals during solution 

growth.4,24,39,40 However, to date, there is no firm understanding of how particle 

incorporation occurs during solution crystal growth.  

 Here, we present a theoretical framework for the forces that govern particle 

occlusion/repulsion during solution growth. While many particle occlusion studies use 

calcite as the “host” crystal, several studies have also considered more functional 

solution-grown crystals, such as semiconducting zinc oxide. Through this framework 
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for particle incorporation, we hope to provide the foundation that can be applied to 

grow functional single crystal composites with optoelectronic applications. For 

example, when quantum dots are occluded within polycrystalline salt crystals, their 

stability is improved due to their isolation from the environment. 41–43 But eliminating 

the grain boundaries in the host crystal or incorporating quantum dots into functional 

host crystals has the potential to further enhance their properties. 44,45 Another 

promising opportunity for single crystal composites is for plasmonic 

nanoparticle/semiconductor heterostructures for photocatalytic or photovoltaic 

applications. 46–48 Current state-of-the-art heterostructures include geometries like 

plasmonic nanoparticle core/semiconductor shell particles or plasmonic nanoparticle-

decorated semiconductors, but a structure that can incorporate multiple plasmonic 

nanoparticles within a semiconducting crystal could further improve absorption and 

energy transfer.  

2.3 Theoretical framework for particle incorporation during solution growth 

In this section, we discuss the possible particle/crystal interactions in an aqueous 

salt solution. We take stock of the repulsive and attractive forces between the particles 

and crystal, and highlight the experimental variables that control the magnitude of each 

force. The central idea to our framework is that when the forces that repel particles are 

overcome by attractive or external forces, the crystal entraps the particles. (Fig. 2.3) 
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Figure 2.3 Schematic illustration of the three main forces that dictate the repulsion 

or incorporation of particles into a crystal. A repulsive crystallization pressure acts 

to push particles out of the growing crystal. Crystals can occlude particles if the 

crystallization pressure is opposed by external forces, like normal forces provided 

by a template or attractive intermolecular forces generated between the particle and 

crystal.  
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2.3.1 Crystallization pressure 

The crystallization pressure is one of the primary repulsive forces acting on the 

particles in solution. Crystallization pressure was defined by Khaimov-Mal'kov as the 

external force applied to a crystal required to stop the crystal from growing further.49 

While crystallization pressure does increase with supersaturation, it is relatively 

independent of the properties of the crystal and solution. At even mild supersaturations 

(σ = 1.1), the crystallization pressure is large at ~ 8 kg/cm2, meaning a crystal with a 1 

cm2 facet exerts enough force on its surroundings to lift an 8 kg mass.49 Therefore, 

considering crystallization pressure alone, we would predict that all impurities would be 

expelled from the growing crystal and we would never form single crystal composites.   

In the following two sections, we present the two primary forces that have been 

explored to overcome this repulsive crystallization pressure. The first approach uses 

normal forces to counterbalance the crystallization pressure and the second approach 

relies on tuning intermolecular forces to achieve a net attractive interaction between a 

particle and crystal.  

2.4 Using normal forces to oppose crystallization pressure 

The concept of the normal force was introduced by Sir Isaac Newton in his first 

law of motion.50 When a force is applied to an object, the object will begin to move. For 

the object is to remain static, an equal and opposite force must be applied. In crystal 

growth, when a growing crystal exerts a repulsive force due to the crystallization 

pressure on a particle, the particle will get pushed ahead of the crystal growth front, 

resulting in no incorporation. If a force equal and opposite to the crystallization pressure 



19 

 

exists, then the particle can remain “static” and can become incorporated into the 

growing crystal. There are two predominant synthetic strategies for engineering these 

normal forces, immobilizing particles either in a colloidal crystal-like template or in a 

strong gel matrix.  

2.4.1 Particles forming a colloidal crystal-like template 

Several rigid 3D nanostructured materials have proved immovable by a growing 

crystal front, allowing for the crystals to occlude the nanostructured template. A large 

number of single crystalline materials, like calcite, SrSO4, PbSO4, PbCO3, NaCl and 

CuSO4*5H2O, have been found to occlude rigid templates, such as 3D, nanostructured 

block co-polymer gyroids or replicas of sea urchin skeletal plates.51–53 Calcite crystals 

can also incorporate rigid templates formed by ordered particle packings, called 

colloidal crystals.54   

The approach of using colloidal crystal packings of particles has been 

successfully demonstrated for crystalline materials other than calcite. Polystyrene 

particles were assembled into a uniform 3D template for the subsequent growth of Cu2O 

and ZnO single crystals.55 Though incorporation of polymer particles into 

semiconducting oxides may not directly impact the electronic properties of the crystals, 

other work showed that incorporating amino acids into ZnO single crystals creates 

anisotropic distortions to the lattice that lead to changes in the semiconducting band 

gap.56,57  In many cases, the functional use for these colloidal crystal-derived single 

crystal composites only emerges once the polystyrene particles are burned off, and then 

the 3D macroporous, single crystal templates are used for a variety of photo- or electro-

chemical applications.58 
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As seen above, the forces provided by the colloidal template are sufficient to 

oppose the crystallization pressure, allowing crystals to occlude particles. In these 

studies, the ability of the single crystal to occlude the particles does not depend on the 

degree of order in the colloidal packing. It seems that the counter force that the rigid 

template and growth in a confined environment provide on the growing crystal are more 

critical. These principles guide our understanding of how to entrap functional 

nanoparticles, which are less likely than micron-sized polymer colloids to form into 

well-ordered colloidal crystals.  

In recent work from our group, confinement was used to generate Cu2O single 

crystals with incorporated Au nanoparticles. 59,60 In one study, Au nanoparticles are 

immobilized within the cylindrical pores of a track-etched membrane.59 (Fig. 2.4A) The 

nanoparticles in the membrane pores do not form ordered crystalline packings as with 

the colloidal crystals above, but instead form disordered arrays. When Cu2O grows 

within the membrane pores, it entraps the arrays of Au nanoparticles within cylindrical, 

high aspect ratio, crystalline Cu2O rods. (Fig. 2.4B, D) Extraordinarily, the 

encapsulation of many nanoparticles does not disrupt the crystalline lattice of the Cu2O 

as seen by the continuous lattice fringes. (Fig. 2.4C) Thus, it appears that normal forces 

provided by the immobilization of the nanoparticles in the membrane pores prevent the 

nanoparticles from being pushed ahead of the Cu2O growth front.  

2.4.2 Particles in a gel matrix 

In the previous section, we showed how normal forces from packings of 

particles can counter the repulsive crystallization pressure. Here, we consider how 

particles loaded into a gel matrix can also form single crystal composites.  
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Figure 2.4 (A) Schematic representation of the formation of Au nanoparticle arrays within the 

pores of track-etched membranes. (B) TEM image of a Cu2O nanorod with many entrapped 

Au nanoparticles (darker region in middle portion of the rod) formed by growing Cu2O within 

the nanoparticle-loaded membrane pores. (C) High-resolution STEM of the Cu2O-Au interface 

illustrating the continuous lattice fringes (highlighted with arrows) of the crystalline Cu2O that 

surrounds the Au nanoparticle array. (D) Three slices from a tomographic STEM 

reconstruction of the 3D structure of a Cu2O-Au nanorod showing that many Au nanoparticles 

are encapsulated throughout the Cu2O rod. (Au= green isosurface; Cu2O = purple isosurface).  

The scale bar = 50 nm Reprinted (adapted) with permission from Asenath-Smith, E.; Noble, J. 

M.; Hovden, R.; Uhl, A. M.; DiCorato, A.; Kim, Y.-Y.; Kulak, A. N.; Meldrum, F. C.; 

Kourkoutis, L. F.; Estroff, L. A. Physical Confinement Promoting Formation of Cu2O–Au 

Heterostructures with Au Nanoparticles Entrapped within Crystalline Cu2O Nanorods. Chem. 

Mater. 2017, 29 (2), 555–563. Copyright 

2017 American Chemical Society 
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It is well known that crystals grown in a gel matrix can incorporate gel fibers 

within the crystal61, and the mechanisms for gel incorporation in calcite are fairly well 

agreed upon. 24,62 The relationship between crystallization pressure and gel strength, 

defined as the force that must be applied for the gel to fracture, determines whether a 

gel becomes incorporated or not. When the crystallization pressure exceeds the gel 

strength, the growing crystal will fracture any gel fibers it encounters, thus expelling 

them from the crystal. However, a strong enough gel will provide sufficient resistance 

to oppose the crystallization pressure and gel fibers will be incorporated into the 

growing crystal.  

By loading a strong gel with nanoparticles, several groups have used strong gels 

to generate composite single crystals of calcite with nanoparticles occluded in addition 

to the gel.63–65 (Fig. 2.5) When the nanoparticles alone were added to the calcite growth 

solution, the  nanoparticles were excluded from the crystal.  Incorporation of 

nanoparticles into the gel has even been found to increase the gel stiffness, thus 

promoting an even greater degree of particle and gel incorporation.63  

Loading gels with nanoparticles seems to be a versatile approach to generating 

single crystal composites as it is relatively independent of particle material, size and 

shape. The same gel can be used to incorporate different nanoparticles into calcite 

crystals. For example, an agarose matrix was used to incorporate Au, Fe3O4, CdTe 

quantum dots, and polymer dots 64,66 and a xyloglucan gel matrix was used to 

incorporate Fe3O4 and ZnO nanoparticles.63 In all of these studies, calcite is crystalline 

matrix into which the gel and nanoparticles incorporate. There are many other crystals  
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Figure 2.5 (A) Schematic methodology for using  nanoparticle-loaded gels to form single 

crystal calcite with occluded metal oxide nanoparticles. Reproduced from Kim, Y.-Y.; 

Schenk, A. S.; Walsh, D.; Kulak, A. N.; Cespedes, O.; Meldrum, F. C. Bio-Inspired Formation 

of Functional Calcite/Metal Oxide Nanoparticle Composites. Nanoscale 2014, 6 (2), 852–859. 

with permission from The Royal Society of Chemistry (B) A HAADF-STEM image of  a thin 

section from a calcite crystal grown in a quantum dot-loaded gel reveals a uniform distribution 

of the quantum dots (bright spots), shown schematically in the inset. (C) Electron diffraction 

pattern of the crystal in (B) shows a single crystal-like diffraction pattern despite the occlusion 

of gel fibers and quantum dots. Reprinted (adapted) with permission from Liu, Y., Zang, H., 

Wang, L., Fu, W., Yuan, W., Wu, J., Jin, X., Han, J., Wu, C., Wang, Y., Xin, H.L., Chen, H., 

Li, H. Nanoparticles Incorporated inside Single-Crystals: Enhanced Fluorescent Properties, 

Chem. Mater. 2016, 28, 20, 7537–7543. doi:10.1021/acs.chemmater.6b03589.  Copyright 

2016 American Chemical Society. 
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known to incorporate gel fibers67–69. With further study, this approach of trapping 

particles in gels that become incorporated can be applied to other crystal systems.  

2.4.3 Summary and remaining questions: normal forces 

In summary, normal forces can be used to overcome the repulsive crystallization 

pressure and allow for the formation of single crystal composites in the lab. There are 

two primary approaches for generating normal forces to oppose the crystallization 

pressure: assembling particles into colloidal crystal-like packings and trapping particles 

within a gel matrix. Further study is required to understand how exactly a gel matrix, 

even one stiffened by incorporation of particles, is able to provide sufficient force to 

counter a crystallization pressure of ~8 kg/cm2
. With this framework in mind, we can 

now begin to explore other types of forces that might play a similar role to traditional 

normal forces in opposing the crystallization pressure. For example, can entropic hard 

sphere repulsion generate sufficient forces to preventing particles from getting pushed 

ahead of a crystal growth front?  

Using normal forces to oppose the crystallization pressure has shown the 

potential for developing functional composite materials. Incorporation of quantum dot 

or polymer dot nanoparticles into a gel and then into calcite keeps the nanoparticles 

isolated from the environment and improves their photostability.65 The role of the gel in 

modifying the optoelectronic properties of these composites is not known. In other 

systems, gel incorporation into crystals can be designed to have a functional purpose 

69,70, so future research should work towards designing crystal/gel/particle pairings 

where each component has a functional role. Though we might not expect the 

incorporation of insulating polymer particles into semiconducting single crystals to 
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affect their optoelectronic properties, other studies have shown incorporation of 

additives to influence the bandgap of the semiconductor.56,57 In recent work from our 

group, functional plasmonic nanoparticles were incorporated into crystalline 

semiconductors, which is expected to improve both the absorption and the charge 

transfer of the composites. 71 

2.5 Tuning intermolecular forces to create net attractive forces 

In this section, we consider how crystals can occlude mobile particles. In this 

thought experiment, we consider a “one-pot” synthesis, where particles and a 

supersaturated growth solution are mixed together in a single beaker and we wait to see 

whether particles incorporate or are pushed out of the growing crystals. Earliest 

attempts to incorporate polymer microparticles in crystals replied on “guess-and-check” 

approach as they varied the particle surface functional groups and checked whether 

particles incorporated or not.72–75 Recently, there have been a number of systematic 

studies that provide beautiful examples of particle occlusion within crystals.76–86 Here, 

we combine this empirical experimental evidence with concepts from the theory of 

intermolecular surface forces to provide a theoretical framework for why some 

particles/crystals incorporate and others do not. 

Chernov and others pioneered the early work on particle incorporation, focusing 

on the “disjoining pressure,” which despite its name can describe both repulsive and 

attractive interactions.87,88 Disjoining pressure describes the van der Waals, 

electrostatic, and solvation forces that determine the equilibrium thickness of a liquid 

film between two surfaces.36,87,89 For our purposes, we are mostly interested in whether 

this equilibrium thickness is zero (meaning the particle is attracted and in direct contact 
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with the crystal surface) or non-zero (meaning the particle remains outside the crystal). 

Based upon the concept of the disjoining pressure, several models defined the criteria 

for particle incorporation during melt crystal growth or freezing transitions.35–38,87,90 In 

the decades since these models were proposed, our computational modeling and 

experimental measurement capabilities of the intermolecular surface forces at play 

during solution crystal growth have drastically increased, but have not yet been applied 

to understanding particle incorporation. In particular, no models for particle 

incorporation consider two critical elements of solution crystal growth: 1) the ways in 

which these intermolecular forces behave in aqueous electrolyte solutions, and 2) the 

ways in which the common solution crystal growth mechanisms of layer-by-layer or 

spiral growth affect particle incorporation. Due to the complexity of the problem, we 

separately consider the characteristics of the particle surface and the crystal surface 

necessary for incorporation.   

2.5.1 Crystal surfaces in solution 

In this section, we describe four of the key elements of crystal surfaces in 

solution: hydration layers, electric double layers, step/kink sites and 

attachment/detachment kinetics. (Fig. 2.6) Within the past decade, our understanding of 

water structuring and binding dynamics at crystal surfaces has drastically improved due 

to new experimental and computational methods. For example, in calcite, it has been 

shown computationally that during growth, new calcium and carbonate growth units 

interact with structured water layers above the physical crystal surface and they each 

have distinct sites along the step edges to which they bind.91 The complexity of the 

growth mechanism in the pure calcite system highlights how challenging it will be to 
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also consider impurities. Calcite solution growth is one of the most heavily studied 

systems in this field, and though many studies refer to calcite, we try to highlight 

concepts that apply to other ionic crystals.  

An ionic crystal in an aqueous solution will interact strongly with the water in 

solution, leading to “bound” water molecules organized on the crystal surface. For a 

particle to bind to this hydrated crystal surface, first the bound water in the hydration 

layers must be removed from the surface. Recently, surface force measurements were 

able to resolve the forces required to “squeeze out” individual hydration layers on a 

calcite surface.92 The force required to remove hydration layers from the surface 

presents an additional barrier to particle incorporation. The magnitude of the hydration 

binding depends both on properties of the crystal surface and the solution chemistry. 

Frequency-modulated atomic force microscopy can be used to image structured water 

layers at crystal surfaces. 93,94 Applying this method to calcite, Sӧngen et al. found there 

are five distinct layers of bound water on a calcite (104) surface and that individual 

point defects in the calcite will modify structure of these hydration layers.93 Therefore, 

for a particle to incorporate into calcite, there are actually five barriers associated with 

disruption hydration layers to overcome. Can careful choice of solution chemistry 

reduce the strength of water binding? Surface force measurements show how decreasing 

ionic strength of the solution can change the nature of these hydration forces from 

largely repulsive to oscillatory.95 More recent surface force measurements were able to 

detect the subtle ways that specific ions in solution can change the magnitudes of the 

binding forces, depending on the polarizability, size and hydration of the ions.96 

Specific ion effects have been considered in relation to Mg2+ incorporation into calcium 
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carbonate, where magnesium’s ability to disrupt hydration layers has been though to 

contribute to its role in calcium carbonate polymorph selectivity.97s In future work, 

specific ion effects should also be considered to help disrupt hydration layers and allow 

for easier incorporation of particles into crystals.  

Electrostatics are useful for generating attractive forces between the crystal 

surface and a particle in solution, as a negatively charged particle will be attracted to a 

positively charged crystal surface.98 The distance over which the particle and crystal can 

experience an attractive force is determined by the thickness of the electric double layer 

(EDL). The EDL describes the way in which layers of ions in solution assemble at the 

charged crystal surface. For example, when a positively charged surface is immersed in 

an electrolyte solution, negatively charged ions in solution will be attracted to and bind 

the surface, and then positively charged ions in solution will be attracted to and loosely 

bind to those negative charges. The thickness of the EDL is dictated by the ionic 

strength of the solution and not by properties of the crystal. In a higher ionic strength 

solution, ions bind more strongly to the crystal surface, leading to a shorter EDL. For a 

pure water solution, the EDL thickness is nearly 1 µm, while for a 1 mM NaCl solution 

it is drastically reduced to only 9.6 nm.98  If a particle is farther than the length of the 

EDL away from the crystal surface, the charges on the crystal surface have been 

“screened” and the particle and crystal experience no electrostatic interactions.  

Therefore, a thicker EDL is desirable because the electrostatic attraction between the 

particle and crystal can occur at larger distances from the crystal surface. The thickness 

of the EDL depends only on the properties of the solution, and not on the properties of 

the crystal. For crystal growth to occur, the solution must be supersaturated, but based 
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on electrostatic considerations, working at the lowest possible supersaturation is more 

likely to promote attractive particle/crystal interactions.  

 Solution crystal growth, particularly at low supersaturations, typically proceeds 

by either layer-by-layer or spiral growth, where addition of growth units occurs at step 

or kink sites.99  (Fig. 2.6) Recent reports also indicate that particles in solution appear to 

bind with calcite step edges prior to incorporation.78,100 Therefore, the chemistry and 

electrostatic properties of the step or kink sites may be more important to consider than 

the overall crystal surface properties. However, only careful computational studies that 

account for the complexity of the solvent can give us insight into the properties of the 

steps or kinks. For example, as mentioned above, in calcite, molecular dynamics 

calculations predict there are two distinct edge sites during growth, which each have 

drastically different binding affinities for the calcium and carbonate growth units in 

solution.91 Experimentally, we can watch crystal growth and particle incorporation in 

solution in real time using in situ atomic force microscopy (AFM). By imaging under 

the equilibrium solution conditions, when the crystal is neither growing nor dissolving, 

we can watch particle attachment in the absence of growth. In a recent in situ AFM 

study, particles showed a slight preference for one of the two calcite edge sites over the 

other, though it is not understood why. Due to the difficulty of performing both these 

experiments and calculations, further research is needed to draw more general 

conclusions about the binding site preferences of particles on other crystalline materials.  

During solution crystal growth, new growth units (ions) are constantly attaching 

and detaching from the crystal surface, and when the rate of attachment (kon) is greater 

than the rate of detachment (koff), the crystal will grow. For particles to incorporate into 
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a growing crystal, their rate of attachment must be not too much larger or too much 

smaller than that of the new growth units. When impurity binds too strongly (kon>> 

koff), even at large supersaturations, growth of the crystals halts entirely.101,102 However, 

recent kinetic Monte Carlo simulations revealed a new mechanism that allows for 

incorporation of strongly impurities. Even when these strongly bound impurities impede 

normal step flow, macrosteps can still advance and occlude a large number of impurities 

when they do.103  In most real-world cases, the attachment of the additives is weaker 

than that of new growth units. If the impurity attaches too weakly (koff>> kon), then by 

the time the crystal growth front reaches the site with a bound impurity, the impurity 

will have detached back into solution. A recent study from our group used in situ AFM 

to track the incorporation/detachment behavior of particles interacting with a growing 

calcite crystal.78 We found that there is a third possible behavior, a hovering of the 

particles over the advancing crystal growth front. This hovering phenomenon has only 

been reported for protein crystals and is not well understood.104 Slight differences in 

particle surface, which we discuss in the following section, determine the likelihood of 

the particle to hover or detach from the crystal surface, hinting at potential new 

strategies when designing particle/crystal interactions.  

2.5.2 Particle surfaces in solution 

A wide variety of particles, ranging from large polymer microparticles to 

inorganic nanoparticles to organic block co-polymer micelles, have all been 

incorporated into single crystals in the lab.76–86 It may seem challenging to draw 

overarching conclusions about how all these different particles interact with a growing 

crystal. However, all the particles that have been successfully incorporated contained a  
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Figure 2.6 Schematic illustration of the key features that dictate the nature of the 

intermolecular forces between (A) crystal surfaces and (B) particle surfaces in 

solution. The solution chemistry (pH, ionic strength, ratio of monovalent to 

multivalent ions) impacts nearly all of these characteristics. 
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stabilizing corona of polymer chains. (Only in very rare cases were bare, un-

functionalized nanoparticles found to incorporate into crystals.105,106) Thus, we can 

broadly understand incorporation mechanisms across various particle types by 

considering the behavior of the stabilizer chains, as they are what must contact the 

crystal for incorporation to occur. In particular, we discuss key features like chain 

functional group, chain density and polyelectrolyte chain conformation (Fig. 2.6). 

Most of the proteins occluded by calcite biominerals contain highly acidic, 

negatively charged functional groups.107,108 Therefore, it might not be surprising that 

adding anionic stabilizer chains to the surface of particles allows them to incorporate 

into calcite. We might hypothesize that a negatively charged corona of stabilizer chains 

interacting with a positively charged crystal surface provides attractive electrostatic 

forces that promote incorporation. Across numerous studies, incorporation always 

occurred for particles whose stabilizer chains had purely anionic character, independent 

of the specific, charged functional group (carboxylate, sulfate and phosphate).  In one 

case, cationic stabilizer chains were used to successfully incorporate Au nanoparticles 

into calcite.76 Zwitterionic stabilizer chains, which contain both anionic and cationic 

functional groups, were found not as effective as purely anionic groups at generating 

attractive interactions between a particle and crystal.82 Non-ionic functional groups 

have been shown to not incorporate,78,84 though a recent study showed that a mix of 

anionic and non-ionic stabilizer chains was effective at promoting incorporation.86 Even 

with anionic functional groups, the solution chemistry, specifically pH and ionic 

strength, must be appropriately chosen to generate sufficient attractive forces. For 

example, if the growth solution pH is too low to fully deprotonate the functional groups, 
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then the particle will have an overall lower anionic character and will not incorporate as 

well. 73,80 The ionic strength also affects the electric double layer thickness around the 

particles. At higher salt concentrations, the charges of the stabilizer chains are 

effectively screened by the charges in solution, meaning the particles must be very close 

to the crystal surface before they experience attractive forces.109  

Polyelectrolyte stabilizer chains appear to be one of the most effective corona 

features for particle occlusion. Strongly acidic polyelectrolyte chains were used to 

occlude Au, Fe3O4 and polymer nanoparticles in calcite and/or ZnO.76,79,81,85,110 

Polyelectrolyte stabilizer chains have the potential for multivalent interactions with the 

crystal surface because each chain contains many charged groups that could bind with 

multiple sites along the crystal surface. To achieve this optimal binding conformation, 

we must carefully choose the solution chemistry and the design of the polyelectrolyte 

chains.  

To understand how polyelectrolyte chains rearrange to achieve optimal binding, 

we need to consider the behavior of tethered polyelectrolyte chains in the ionic growth 

solution.  When polyelectrolyte chains are anchored to a particle, their behavior is best 

described by polyelectrolyte brush theory.111 In a high pH solution, the functional 

groups become fully deprotonated making the chains highly charged. Under these 

conditions, the polyelectrolyte brush is in its “swollen” state, where due to osmotic 

pressure from the ions in solution, chains extend straight outward. However, in a strong 

electrolyte solution, the ions in solution begin to screen the charges of one chain from 

its neighbors and the chains become free to rearrange or “collapse”.112 Multivalent ions 

in solution, even at low concentrations, are more likely than monovalent ions to lead to 
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polyelectrolyte brush collapse. 113–115 Once collapsed, the stabilizer chains now have 

additional conformational degrees of freedom.  

Design of stabilizer chains with more degrees of conformational freedom can 

also aid incorporation of particles into growing crystals. Longer polyelectrolyte chains 

incorporate more effectively than short ones due to the greater extent to which they can 

rearrange themselves. 86 The choice of polymer backbone also plays a large role in the 

conformational freedom of the chains, though until now it has received little attention. 

For example, the degree to which the charged functional groups “dangle” off of the 

stabilizer chain backbone will impact their ability to access the appropriate areas of the 

crystal surface. Additionally, the nature of the bonding along the backbone will 

influence the chain rearrangement.  When we compare within the subset the polymers 

with carboxylic acid functional groups used in these incorporation studies, some 

polymers have ester bonds connecting the backbone to the carboxylic acid group, while 

others contain amide or other types of bonds in addition to the ester bonds.  This slight 

difference in backbone chemistry will affect the rotational freedom of the chain as well 

as the ways that neighboring chains can hydrogen bond to one another.  

Recent work from our group and the Meldrum group has begun to consider how 

non-polyelectrolyte chains may still allow for particle occlusion into calcite crystals.  

Non-polyelectrolyte chains do not collapse in the presence of salt solutions. Our group 

compared the incorporation behavior of two particle chemistries, one with carboxylic 

acid polyelectrolyte chains and the other a non-polyelectrolyte backbone with terminal 

carboxylic acid functional groups at the tips of the chains. A detailed look at the 

interactions of these two types of particles using in situ AFM reveals that they both 
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incorporate with similar efficiencies.78 The main difference in the behavior of the two 

particles is that the particles with polyelectrolyte chains were more likely to “hover” 

over a growing step edge, while the non-polyelectrolyte chains are more likely to attach 

and then detach from the crystal surface. As mentioned previously, hovering is not well 

understood, but we can hypothesize that the ability of the polyelectrolyte stabilizer 

chains to collapse and rearrange in the vicinity of the crystal surface helps those 

particles hover instead of detach. In the Meldrum group study, which performed ex situ 

growth of calcite, the presence of non-polyelectrolyte chains was thought to increase the 

residency time of particles on the growing crystal surface.86 Particles with a mix of 

polyelectrolyte and non-polyelectrolyte chains incorporated into calcite to a greater 

extent than particles with only polyelectrolyte chains.86 They posit that the hydroxyl 

(OH-) functional groups on their non-polyelectrolyte chains may help increase the 

residency times of their particles on the calcite surface or disrupt the hydration layers at 

the crystal surface.  

2.5.3 Summary and remaining questions: intermolecular forces 

In summary, careful consideration of solution chemistry (pH, ionic strength, 

monovalent vs. multivalent ions) can generate attractive intermolecular forces between 

the crystal and particle surfaces and form single crystal composites. Based on the 

requirements on crystal and particle surfaces described above, we can propose a set of 

conditions under which particles decorated with organic stabilizer chains are more 

likely to incorporate. We must take a balanced approach when choosing solution ionic 

strength. A low ionic strength solution is ideal for a thicker EDL at crystal surface, 

while a high ionic strength can help promote polyelectrolyte chain collapse, though 
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multivalent ions at low concentrations can also cause chain collapse. The specific ions 

in solution may be able to disrupt or at least modify hydration layers at the crystal 

surface.96,116,117 By disrupting the hydration layers, which presented an additional 

barrier to particle binding, we may promote longer retention times and stronger binding 

(kon > koff) of particles at the surface. Non-ionic stabilizer chains might also help disrupt 

hydration layers and yield stronger binding.  

Polyelectrolyte stabilizer chains are a good choice given both their highly 

charged nature and their ability to collapse and rearrange to accommodate the crystal 

surface. Until now, studies have not considered the size and shape complementarity of 

the polymer chains and the steps on the crystal surface. However, in other studies, 

molecular additives were found to incorporate at distinct growth sites depending on 

their size, shape and orientation match.118–120 Focusing on complementarity of the 

stabilizer chains is complicated by our still limited understanding of their interactions, 

in solution and with the crystal surface. For example, we do not have a firm 

understanding of the optimal chain density at the particle surface. Initial studies suggest 

that incorporation is lower when the chain density is too high, as neighboring stabilizer 

chains may cross-link have less conformational degrees of freedom to bind properly to 

the crystal surface.85 Therefore, a better understanding of the types of multivalent 

interactions between polyelectrolyte brushes and crystal surfaces is necessary.   

Thus far, we have focused on the interactions that dictate why the particles 

incorporate into crystals, but an equally perplexing question is how crystals are able to 

incorporate particles. Many studies report internal strains generated in single crystals 

due to the incorporation of additives.6,23,57  The ability of these crystals to accommodate 
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large internal strains challenges our ideas of what was possible in ionic crystal systems. 

Fewer studies report the effects of incorporation on the particles. Both in situ AFM and 

ex situ growth studies have shown that when these polymer particles incorporate into 

calcite, the particles deform, changing shape from spherical to ellipsoidal particles. 83,100 

The ability of the particle to deform will depend not only on the conformational degrees 

of freedom of the stabilizer chain, but also on the “core” of the particle, which we have 

not considered of importance until now. For example, in situ AFM studies that used 

polymer particles with similar stabilizer chains and a stiffer core did not observe any 

deformation of the particles upon incorporation. We do not yet understand the role that 

the particle deformation plays in aiding or hindering incorporation into crystals. While 

all the studies presented here considered relatively soft particles incorporating into 

relatively hard crystals, a recent study explored the inclusion of hard particles into soft 

(molecular) crystals.121  By watching incorporation in real time using in situ AFM, they 

observed that particle inclusion was able to generate screw dislocations, suggesting that 

in some cases particle incorporation can additionally modify microscopic crystal growth 

mechanisms.  

Most of the studies described in the previous section incorporate the particles 

into calcite crystals. However, several studies also incorporate stabilizer chain-coated 

polymer or Fe3O4 nanoparticles into ZnO or functionalized Au nanoparticles into Cu2O. 

60,80,81 Future work should create single crystal composites with other functional 

crystalline materials by considering the requirements for crystal surfaces outlined 

above.  

2.6 Conclusions  
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We presented a framework for understanding how particles can become 

incorporated into single crystals during solution growth. We describe different types of 

forces that can be used to oppose the large repulsive crystallization pressure that favors 

additive-free crystal growth. When particles are packed into a template, particle-particle 

or particle-template normal forces can counter the crystallization pressure by preventing 

particles from getting pushed ahead of the crystal growth front. For mobile particles in 

solution, attractive intermolecular forces between the particles and crystal can overcome 

the crystallization pressure and lead to uniform particle occlusion within single crystals. 

The particle surface, crystal surface and the solution chemistry each play key roles in 

generating sufficient attractive intermolecular forces. With the framework presented 

here we hope we can now move beyond growing single crystal calcite with additives, 

and instead grow functional composite single crystals.  
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CHAPTER 3 

TOWARDS A GENERALIZABLE, CONFINEMENT-BASED APPROACH TO 

SEMICONDUCTOR/PLASMONIC NANOPARTICLE COMPOSITES* 

3.1 Introduction 

Semiconductors are the workhorses of many modern optoelectronic 

applications, like photocatalysis and photovoltaics, based on their ability to absorb 

light and convert it to electricity. For many semiconductors, however, the absorption 

of visible light is low, leading to less efficient energy conversion. To increase 

absorption, plasmonic nanoparticles, typically Au, Ag or Cu, can be introduced into 

the semiconducting structures. Plasmonic nanoparticles have a unique property called 

the localized surface plasmon resonance (LSPR), which causes the particles to 

strongly absorb light at that resonant wavelength and to have locally enhanced electric 

fields in their vicinity. Therefore, when plasmonic nanoparticles and semiconductors 

are combined, they have the potential to increase both the overall absorption as well as 

energy conversion compared to a pure semiconductor.1–5  

The degree to which the optoelectronic properties of the 

semiconductor/plasmonic nanoparticle composite are enhanced is directly tied to the 

physical integration of the plasmonic nanoparticles and the semiconductor.6,7 There 

are two typical semiconductor/plasmonic nanoparticle morphologies, nanoparticle-

                                                 
* Co-contributors to this chapter include Jeffrey Zheng, who performed most of the 

ZnO growths.  
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decorated structures and core-shell nanoparticles, but both have significant limitations 

on the degree to which the absorption and energy transfer can be enhanced.  

To form nanoparticle-decorated structures, plasmonic nanoparticles are 

attached using ligands to the surface of pre-formed semiconductor nanostructures.8–10 

This approach is versatile and simple as the nanoparticles and semiconductors can be 

synthesized separately and there are a limitless number of combinations one can 

create. A generalizable method like this approach is useful because the choice of 

specific semiconductor and plasmonic nanoparticle will determine the types of 

photocatalysis or photosynthesis applications where they can be applied. The ligands 

used to attach the two materials, however, present an insulating barrier that could 

prevent effective energy transfer of light absorbed by the plasmonic nanoparticle into 

the semiconductor. Additionally, in some studies where particle loading on the 

semiconductor surface was too high, light absorption by the semiconductor actually 

decreases compared to a semiconductor with fewer plasmonic nanoparticles.9  

For core-shell nanoparticles, typically a single plasmonic nanoparticle is 

encapsulated within a thin semiconducting shell. A large body of work has explored 

the synthesis of such structures, including variations like eccentric core-shell 

nanoparticles or Janus nanoparticles.11–22 However, new chemistries must be 

developed to grow core-shell particles using different combinations of materials, 

making it a less generalizable method than decorating semiconductors with 

nanoparticles. The geometry of the core-shell particle does allow for the synergistic 

optoelectronic properties of the plasmonic nanoparticle and the semiconducting shell 

to shine, as the two are in intimate contact and can reap the benefits of the enhanced 
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electric fields and potential for energy transfer.23,24 But with only one plasmonic 

nanoparticle and only a small volume of semiconductor per core-shell particle, the 

maximum increase in absorbed light is limited. Numerous recent studies have brought 

light to the collective resonant behavior that emerges when multiple plasmonic 

nanoparticles are assembled into arrays (either ordered or disordered).5,25–32 Therefore, 

a composite architecture in which multiple nanoparticles can be incorporated into a 

crystalline host without the insulating barriers associated with ligands could allow us 

to further enhance optoelectronic performance. 

Biominerals provide numerous examples of composite crystals, where second 

phases are incorporated within single crystalline domains, thereby imparting improved 

functionality to the composite compared to pure single crystal.33–37 There are a few 

examples in biology where nanoparticle-like additives are present within the single 

crystal matrix.33,37 If we could learn how biology is able to grow these single crystal 

composites, then perhaps we could grow semiconductor/plasmonic nanoparticle 

composites with this type of morphology. It is still not well understood, however, how 

particle-sized additives, which are orders of magnitude larger than the unit cell 

dimensions, can incorporate into crystals without disrupting their single crystallinity. 

(This topic is covered at length in chapter 2). In short, a growing crystal exerts a 

repulsive crystallization pressure on its environment, which favors expulsion of all 

additives or particles from the growing crystal.38  If other forces can be introduced to 

counter the crystallization pressure, however, then additives or particles should be 

incorporated into the growing crystal. There are two main strategies for countering the 

crystallization pressure, tuning intermolecular forces to generate large attractive forces 
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between crystal and particle or using normal forces to immobilize particles and 

thereby counterbalance the crystallization pressure. 

One strategy to create single crystal composites is to use attractive 

intermolecular forces between particles and crystal that dominate the repulsive 

crystallization pressure. The earliest work on the subject was largely trial-and-error in 

its screening of which charged ligands adsorbed on polymer microparticles could 

enable incorporation into both calcite and zinc oxide.39–43 In the last decade, 

systematic studies varying the polyelectrolyte stabilizer chains that surrounding either 

a polymer or inorganic particle have advanced our understanding of the design rules 

for incorporation.44–55 For example, anionic polyelectrolyte stabilizer chains are 

effective at promoting incorporation into calcite, though recent work suggests that 

non-ionic stabilizer chains play a key role in dictating particle-crystal interactions 

too.50,51 Largely, these studies have focused on incorporating polymer particles into 

calcite. Only a few studies, however, explored composites with potentially 

“functional” electronic properties, though in most cases either the particle or the 

crystal is “functional” and therefore the electronic properties remain largely 

unaltered.44,46,53,55 Although attractive intermolecular forces can be used successfully 

to generate single crystal composites, there is still an element of trial-and-error 

associated with determining the unique stabilizer chain chemistry required to promote 

incorporation of a specific particle type into a specific crystal. For an application of 

semiconductor/plasmonic nanoparticle composites, the presence of stabilizer chains at 

the interface between the particle and crystal presents an insulating barrier that could 

prevent energy transfer between the two. (Without stabilizer chains on the particles, 



59 

 

they are prone to aggregation in the growth solution.) 

An alternate strategy to create single crystal composites uses normal forces to 

immobilize particles and thereby counterbalance the crystallization pressure. As 

described previously, the crystallization pressure prefers to continually push mobile 

particles ahead of the advancing crystallization front.38 If the particles are loaded into 

a strong hydrogel, however, then the normal forces provided by the semi-rigid 

template can prevent the particles from getting pushed away from the crystal and 

instead result in incorporation.56–58  The same hydrogel could be used to incorporate 

particles of varying composition, size and shape into calcite crystals, indicating that 

this approach is more easily generalizable to different pairings of particle/crystal than 

the approach of using intermolecular forces. Thus far, hydrogels have only been used 

to occlude particles into calcite crystals, though when particles were immobilized by 

assembly into colloidal crystal packings, they were successfully incorporated into 

calcite or cuprite (Cu2O) crystals.59,60 Therefore, it seems that inter-particle normal 

forces can also be used to counter the repulsive crystallization pressure.  The 

composites generated using normal forces once again tend to be composed of either an 

electronically “functional” crystal or nanoparticles, but never both. This approach has 

the potential to generate composites where the particles and crystal are in intimate 

contact, possibly allowing for better energy transfer and more enhanced optical 

absorption compared to composites where polymer chains exist at the interface.  

Recent work from our group showed that physical confinement could be used 

to grow cuprite (Cu2O) nanorods with entrapped gold nanoparticles (Au NPs).61 

Briefly, Au NPs are loaded into a polycarbonate track-etched membrane via vacuum-
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filtration, which is then placed into the Cu2O growth solution. During growth, the 

Cu2O crystals encapsulate the immobilized Au NP arrays forming composite Cu2O/Au 

NP nanorods, which can be isolated by dissolving the membrane. We found that the 

Au nanoparticles became incorporated without disrupting the crystalline lattice of the 

Cu2O demonstrating the promise of this approach for a new semiconductor/plasmonic 

nanoparticle heterostructure geometry where multiple plasmonic nanoparticles are 

encapsulated within a semiconducting crystal.  

In this work, we demonstrate the generalizability of this physical confinement-

based approach to form other composite pairs. To extend this strategy to grow other 

semiconducting nanorod materials, we first investigated the growth mechanism for 

Cu2O nanorod formation and then translated that knowledge to grow ZnO nanorods 

within the membrane pores. To entrap other plasmonic nanoparticle materials, we 

studied the mechanism for Au nanoparticle trapping within the membrane pores. We 

explored the forces that immobilize particles and aid in their incorporation into the 

crystalline nanorods. This work presents the first steps towards a fully generalizable 

physical confinement-based approach that can grow many additional pairings of 

nanoparticles and crystals.  

 

3.2 Experimental Methods 

3.2.1 Materials 

All materials are used without further purification. Copper (II) sulfate pentahydrate 

(98%, Sigma-Aldrich), Sodium citrate tribasic dihydrate (>98%, Sigma-Aldrich), 

Sodium hydroxide pellets (99.2%, Fisher), Hydrazine hydrate (78-82%, Sigma-
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Aldrich), Zinc nitrate hexahydrate (98%, Sigma-Aldrich),  Ammonium hydroxide 

solution (28-30%, VWR), Dichloromethane (DCM, 99.8%, Sigma-Aldrich), Ethanol 

(100%, Pharmco-Aaper), Gold (III) chloride trihydrate (99.99%, Aldrich), 

Polycarbonate track-etched membranes (Whatman NucleporeTM, 25 mm membrane 

diameter, 0.05 μm pore size). 

3.2.2 Growth of Cu2O/Au NP composites in track-etched membranes 

Crystallization of Cu2O/Au NP composites was performed using previously developed 

and published methods from our group.61 Briefly, Au nanoparticles are loaded into 

track-etched membranes by vacuum filtration. The nanoparticle-loaded membranes are 

degassed under vacuum prior to growth of Cu2O by vapor diffusion of hydrazine 

hydrate into a modified Fehlings solution. Here, we highlight the only two differences 

between the methods used here and the previously published methods. The first 

difference relates to optimizing the time and temperature of the growth chamber for 

consistent, phase-pure Cu2O growth. In this work, we used a slightly larger amount of 

hydrazine (3.5 mL of 80.2% hydrazine hydrate with 16.5 mL water) and  a reactor 

internal temperature of 64 °C, a growth time of 9 hours, and at which point the 

membrane is red colored and the growth solution clear.  The second difference relates 

to the amount of time that the nanoparticle loaded membranes were degassed prior to 

growth and in what solution composition. In the previous work, first the copper 

sulfate, sodium citrate and sodium hydroxide were mixed, triggering the start of 

growth. Immediately following mixing, the nanoparticle loaded membrane is added to 

the growth solution and degassed under vacuum for one hour. At the end of the hour, 

the solution is visibly cloudy. Here, in some cases, we degas the nanoparticle-loaded 
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membrane under vacuum in a solution that only contains copper sulfate solution 

overnight (12-15 hours). We use a stir bar as a weight to keep the membrane from 

floating to the solution/air interface during this extended degas time. Following 

degassing, in a new vial, we mix the copper sulfate, sodium citrate and sodium 

hydroxide, immediately add the membrane and begin the growth.  

3.2.3 Growth of ZnO/Au NP composites in track-etched membranes 

For the growth of ZnO, we first degas the membrane in a zinc nitrate solution. Then 

using a similar vapor diffusion set up as for our Cu2O growth, we vapor diffuse a 1.44 

wt% ammonium hydroxide solution into a 50 mM zinc nitrate solution at 60 °C for 24 

hours.  

3.2.4 Powder x-ray diffraction (XRD) 

Phase analysis was performed via powder x-ray diffraction using a Bruker D8 

Advance ECO powder diffractometer with Cu Kα radiation, operating at 40 kV and 25 

mA with a scan rate of 0.25°/minute. 

3.2.5 Scanning electron microscopy (SEM) 

Scanning electron microscopy was performed using a Mira3 LM field emission 

scanning electron microscopy (SEM) at 10 keV. All samples are carbon coated prior 

to imaging to prevent charging. The polycarbonate membrane surface is especially 

prone to charging, so silver paint is also applied to the edges of a small cut portion of 

the membrane prior to SEM imaging.  

For SEM analysis, we often compare the as-grown membrane surface, where bulk 

crystals are often still attached to the membrane, to a scraped membrane surface, 

where the bulk crystals have already been removed. Additionally, we frequently 
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compare the secondary electron (SE) and backscattered electron (BSE) images in 

order to gain information about both topography and atomic number, Z, of our 

samples.  

3.2.6 Transmission electron microscopy (TEM) 

Bright-field transmission electron microscopy is performed using a FEI T12 Spirit 

TEM at 120 kV. α-tilt was used to view nanorods from multiple angles.  

3.2.7 UV/Vis spectroscopy 

Optical absorption of the Au NP solution was measured from 300-700 nm using a 

Cary 5000 UV-Vis-NIR Spectrophotometer.  

3.3 Results 

Before tackling the growth of other pairings of semiconducting crystals and 

plasmonic nanoparticles in a composite nanorods, we first consider the growth of bare 

Cu2O semiconducting rods within the membrane pores. When an empty track-etched 

membrane containing no Au NPs is placed in the cuprite growth solution, Cu2O forms, 

as demonstrated by powder x-ray diffraction (pXRD) of the membrane and by the 

distinctive red color of the Cu2O phase. (Fig. 3.1) When the nanorods are isolated 

from the polymer membrane, we find Cu2O nanorods that are 108 ± 15 nm in diameter 

and 859 ± 491 nm long (N=114). (Fig. 3.2a)  

To understand the mechanism of nanorod formation within the membrane 

pores, we took a closer look at the membrane surface. Scanning electron microscopy 

of the as-grown, un-scraped, membrane surface shows many faceted, bulk cuprite 

crystals on the surface of the membrane (Fig. 3.2b).  It is hard to find any membrane 

pores on the un-scraped membrane surface that appear to contain rods. Upon scraping 
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the membrane surface using weigh paper, the bulk crystals are removed from the 

membrane. Imaging the scraped membrane surface using backscattered electrons  

   

Figure 3.1. Phase analysis via powder x-ray diffraction of  crystals grown in track-

etched membranes. Standard PDFs for two copper oxide phases (a) CuO and (b) 

Cu2O are nearly identical except for the presence of a small peak at 29.6° for Cu2O 

that is absent in CuO. (c) XRD of the as-grown membrane surface shows a good 

match to the PDF pattern 
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Figure 3.2. (a) TEM of bare Cu2O nanorods dissolved from the track-etched 

membrane in which they were grown. (b) SEM imaging shows many faceted, bulk 

Cu2O crystals on the un-scraped membrane surface following the growth of Cu2O 

oxide, but no nanorods are visible. (c) Backscattered electron imaging of the scraped 

membrane surface reveals discrete, faceted, light-colored patches (arrows). A zoom in 

on one patch (inset) reveals that it is composed of white spots, each of which is a 

single Cu2O nanorod filling a membrane pore. (d) SEM of a bulk Cu2O crystal that 

has flipped over and is sitting next to the region of the membrane where it likely grew. 

Many nanorods are still attached to the bulk Cu2O crystal, though some nanorods 

have broken off of the bulk crystal and are still located within the membrane pores. A 

region of membrane pores, which likely contained the nanorods that are still attached 

to the bulk crystal, appear distorted. (e) SEM of the bulk crystals collected after 

dissolving away an un-scraped membrane. By not scraping the membrane, we can see 

many nanorods that are attached to flat facets of the bulk crystals. (f) TEM of a single 

bulk Cu2O crystal with many nanorods attached.  
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 (BSE) shows many fewer bulk crystals sitting on the membrane surface, and 

reveals patches of brighter dots, indicating higher Z materials than the carbon 

membrane (Fig. 3.2c). In the BSE image, each dot corresponds to a membrane pore 

filled with a cuprite rod (Fig. 3.2c).  Further, the patches of rods appear somewhat 

faceted in their shape.  

A closer look at a region of the scraped membrane surface provides insight into 

the mechanism for rod growth. A bulk cuprite crystal was dislodged during scraping, 

but rather than being fully removed, it flipped over and remained on the membrane 

surface providing a unique snapshot into the growth mechanism. The bulk crystal 

contains a number of rods extending from its flat facet. The region of the membrane to 

the right of the crystal contains filled pores, as indicated by their light color (Fig. 

3.2d). When the as-grown, un-scraped membrane is dissolved, and the crystals imaged 

with SEM or TEM, we see many bulk crystals that contain nanorods extending off of 

flat facets (Fig. 3.2e,f).  

We hypothesize that the rods form by an overgrowth off of crystals formed in 

the bulk. Due to the high pore density of these membranes, each micron-sized, faceted, 

bulk crystal covers dozens of membrane pores when it falls to the membrane surface 

(Fig. 3.3). As growth continues, overgrowth off the bulk crystals occurs into the 

cylindrical membrane pores, thus templating nanorod growth. This overgrowth 

mechanism explains why in the backscattered electron images, we observe only 

patches of rods because rods only form off of the faceted cuprite bulk crystals. If the 

rods did not form by overgrowth off of bulk crystals, but instead by heterogeneous 

nucleation within the membrane pores, we would expect to see some isolated pores  
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Figure 3.3. Proposed mechanism for membrane templated nanorod growth shown 

schematically via top view and cross section of the track-etched membrane. (a) Bulk 

crystals grow on the membrane surface or grow in solution and fall onto the 

membrane surface, where they cover a number of pores. (b) When growth continues 

off of the bulk crystals and into the membrane pores, nanorods that are templated by 

the high aspect ratio, cylindrical pores are formed. (c) After we scrape away the bulk 

crystals on the membrane surface, we are left only with nanorods in the membrane 

pores, which we can collect by dissolving the membrane.  
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containing rods, but we see none. When track-etched membranes with larger or 

smaller pore diameters were used, we still find that nanorods appear to form via an 

overgrowth mechanism off of bulk crystals (Fig. 3.4).  

When expanding our approach to grow nanorods of other crystalline materials, 

we hypothesize that any material that grows large, faceted crystals will overgrow 

nanorods within the membrane pores. Additionally, we require mild synthesis 

conditions as polycarbonate membranes pores distort above 130 °C (not shown), and 

the membranes dissolve entirely in high pH solutions and in many organic solvents.62 

Therefore, we chose zinc oxide (ZnO) as a second target rod material as it can form 

micron-sized faceted crystals in water at 50-70 °C. After optimizing the solution 

conditions, we grew hexagonal ZnO prisms, where the hexagonal facets were > 0.5 

µm in diameter. When a membrane is introduced into the growth solution and the un-

scraped membrane is imaged in the SEM, interestingly we largely see the hexagonal 

ends of the bulk ZnO crystals on the membrane surface (Fig. 3.5a). After scraping the 

membrane surface and imaging using BSE, we once again see a patchy distribution of 

rods (white spots) within the membrane pores (Fig. 3.5b). While the patches of the 

Cu2O rods were more discrete, the patches of the ZnO rods appear more irregular, 

likely because of the way the bulk ZnO crystals sometimes form in clusters (Fig. 3.5a). 

Similar to the Cu2O growth, when the as-grown, un-scraped membrane is dissolved, 

and the crystals are imaged using TEM, we see bulk crystals that contain ZnO 

nanorods extending off of them (Fig. 3.5c). When the scraped membrane was 

dissolved, we could isolate collections of bare ZnO nanorods (Fig. 3.5d).  

After successfully growing ZnO nanorods within the membrane pores, we next  
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Figure 3.4. SEM of Cu2O crystals from dissolved, un-scraped, track-etched, 

polycarbonate membranes with (a) “200 nm” pore size and (b) 30 nm pore size. In 

both cases, we see nanorods (lighter spots) extending off of the flat facets of bulk 

crystals. In these images, the membrane was poorly dissolved so we see a large 

amount of dissolved membrane residue coating the crystals.  
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wanted to know whether these ZnO rods could also entrap Au NP arrays like the Cu2O 

nanorods. After loading the membrane pores with Au NPs and placing the loaded 

membrane in the ZnO growth solution, we found we were able to grow ZnO/Au NP 

composite nanorods (Fig. 3.5e).  

Thus far, we have successfully incorporated Au NP arrays into both Cu2O and 

ZnO nanorods. To put other types of nanoparticles into our Cu2O or ZnO nanorods, 

we first needed to better understand the mechanism by which our Au NPs are getting 

trapped within the membrane pores. It is extremely challenging, however, to 

characterize the loading of nanoparticles into membrane pores due to the small size 

scale of the nanoparticles.  

SEM images of the loaded membrane surface provide us with snapshot of how 

efficiently our membrane pores are filled (Fig. 3.6). During a typical experiment, we 

vacuum filter our Au NP solution through one side of the track-etched membrane and 

then flip the membrane over and vacuum filter Au NP solution through the membrane 

once again. To better understand particle loading, we first considered a membrane that 

had been loaded with Au NPs from only one side, which we will call the top of the 

membrane. We call the opposite side of the membrane the bottom of the membrane. 

Comparing the secondary (SE) and backscattered (BSE) SEM images of the top and 

bottom of the Au NP loaded membrane allows us to learn about how the nanoparticles 

get stuck within the membrane pores.  
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Figure 3.5. (a) SEM of an un-scraped membrane surface following ZnO growth 

shows hexagonally-faceted bulk ZnO crystals sitting on the membrane.  (b) 

Backscattered electron imaging of the scraped membrane surface reveals patchy 

regions of light colored spots, similar to that of the scraped membrane post-Cu2O 

growth. (c) SEM imaging of ZnO nanorods obtained after dissolving the scraped 

membrane. (d) TEM imaging of bulk ZnO crystals dissolved from an un-scraped 

membrane shows many nanorods extending from the bulk crystal. (e) TEM of two 

ZnO nanorods with entrapped Au nanoparticles. We also find one nanorod that does 

not contain nanoparticles and a broken piece of a rod.    
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SE imaging of the top of the loaded membrane show several unfilled 

membrane pores easily visible by the dark circular areas (Fig. 3.6a). There are also Au 

NPs covering nearly all of the membrane surface, which makes it challenging to 

identify membrane pores that are filled with nanoparticles. While secondary electron 

contrast arises due to changes in topography of the sample, backscattered electron 

contrast is sensitive to the atomic number, Z, of the sample. Additionally, the 

penetration depth of BSE is larger than that of SE, so we can probe Au nanoparticles 

embedded several µm deep within the membrane pores with BSE imaging.63 

Therefore, when we perform BSE imaging of the same region, the Au NP-filled 

membrane pores are easily identifiable by the dense white circular areas (Fig. 3.6b). 

SE imaging of the bottom of the loaded membrane shows no nanoparticles on the 

surface (Fig. 3.6c). However, with BSE imaging of this same region, it is possible to 

see some white circular spots indicating that we can still distinguish some of the filled 

membrane pores (Fig. 3,6d).  

To gain further information about the loading of nanoparticles in the 

membrane pores, we can measure their distribution within nanorods following Cu2O 

growth. After dissolving the membrane and imaging the Cu2O/Au NP nanorods in 

TEM, we can count the number of nanorods that contain or do not contain 

nanoparticles as a first approximation of our pore loading efficiency. We find that of 

116 nanorods counted (from over 5 experiments), ~50% were found to contain 

nanoparticles (Table 3.1). This percentage, however, does not account for the fact that 

some of our nanorods probably fractured following growth during dissolution of the 

membrane. It is possible that some of the rods that we have counted as “empty”  
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Figure 3.6. (a) Secondary electron (SE) imaging and (b) backscattered electron (BSE) 

imaging of the top side of a Au nanoparticle-loaded track-etched membrane. Though 

we see many Au nanoparticles covering the whole membrane surface, the SE image 

can help us identify unfilled pores (red circles) and the BSE image can help us identify 

filled membrane pores (yellow circles) by their extremely bright circular contrast. (c) 

SE imaging and (d) BSE imaging of the bottom side of the same Au nanoparticle-

loaded membrane. While we see no surface coverage, we also only identify a few 

pores that we can detect as filled by their bright contrast in the BSE image. 
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perhaps were once part of a longer rod that did contain nanoparticles in a different 

section of the rod.   

When counting nanorods that contain and do not contain particles, we also 

observe that sometimes particles appear to be isolated within one region of the 

nanorod while in other experiments the particles appear more dispersed throughout the 

nanorod (Fig. 3.7). The only difference in the experimental methods in these two 

scenarios is the length of time that the Au NP membrane is allowed to degas in the 

Cu2O growth solution. A prolonged degas time (> 12 hours) seems to favor 

nanoparticles that are dispersed throughout a longer portion of the nanorod (Fig. 3.7b), 

while a short degas time (one hour) seems to favor “plugs” of nanoparticles within the 

membrane pores (Fig. 3.7a).  

To quantify the differences between these two populations of nanorods, we 

measured the distances over which nanoparticles are spread along the length of the 

nanorod. Given that TEM images are a 2D projection of a 3D nanorod, we performed 

tilt series to develop a set of criteria to identify whether nanoparticles we were 

counting were in fact encapsulated within the nanorod and not attached to the nanorod 

surface (Fig. 3.8). In the experiments where nanoparticle-loaded membranes degassed 

for only one hour, of the 35 rods which contained particles, on average the particles 

were spread over 42 ± 21 % of the rod length. In the experiments where nanoparticle-

loaded membranes degassed for more than 12 hours, of the 24 rods which contained 

particles, 83% of the rods contained nanoparticles spread over the whole length of the 

rod (Table 3.1). We might think that the difference in the length over which the 

nanoparticles spread along the length of the rod is explained by a difference in total  
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Figure 3.7. (a) TEM of Cu2O/Au NP composite rods grown where the nanoparticles 

are located within “plugs” that span only part of the total length of the rod. (b) TEM of 

Cu2O/Au NP composite rods where the nanoparticles are dispersed along the majority 

of the length of the rod. 
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rod length. The rods with more dispersed nanoparticles were shorter on average (759 ± 

400 nm) than the rods that contained plugs of nanoparticles (1226 ± 575 nm). (This 

difference in average rod length can likely be attributed to differences in the washing 

away the membranes that caused more breakage and fragmenting of the nanorods with 

dispersed nanoparticles.)  However, when we compare the length over which the 

nanoparticles are spread (not normalized to rod length), we see that when the loaded 

membrane degassed for more than 12 hours, the particles spread over 710 ± 420 nm 

compared to 471 ± 230 nm for loaded membranes that degassed for only one hour. 

These statistics allow us to conclude that degassing of the nanoparticle loaded 

membranes does lead to measurable change in the distribution of nanoparticles within 

the semiconducting rods.  

3.3 Discussion 

We first aimed to generalize our synthesis of semiconductor/plasmonic 

nanoparticle composite nanorods to other semiconductor materials by understanding 

the mechanism of nanorod formation in the track-etched membranes. In our 

experiments growing Cu2O in membrane pores, we found bulk Cu2O crystals with 

many attached nanorods (Fig. 3.2E,F). Using a similar method to grow ZnO in the 

membranes, we saw similar results (Fig. 3.5D). From these results, we hypothesized a 

growth mechanism where nanorods form by overgrowth off of bulk crystals and posit 

that any material that forms large, faceted crystals in solution could form nanorods by 

overgrowing into the membrane pores too. There is another possible growth 

mechanism where bulk crystals overgrow from the nanorods, which would also yield a 

final product of bulk crystals with nanorods attached. The central question is whether  
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Figure 3.8. TEM imaging of Cu2O/Au NP composite nanorods at four different α 

tilt angles. Because TEM imaging provides a 2D projection of a 3D object, this tilt 

series over nearly 70 ° shows that nanoparticles are largely fully encapsulated 

within the nanorods, and not simply attached to the outer surface of the nanorod.   
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Table 3.1. Summary of Cu2O/Au NP composite rod incorporation statistics. 

 
Number 

of rods 

without   

NPs 

Length 

of rods 

without 

NPs 

(nm) 

Width 

of rods 

without 

NPs 

(nm) 

Number 

of rods 

with 

NPs 

Length 

of rods 

with 

NPs 

(nm) 

Width 

of rods 

with 

NPs 

(nm) 

Distance 

(along rod 

length) 

over which 

NPs are 

spread 

Fraction 

of rod 

length 

over 

which NPs 

are spread 

Percentage 

of rods with 

NPs spread 

along the 

whole 

length 

Short 

degas 

54 

666 ± 

309 

116 ± 

12 

35 

1226 ± 

575 

107 ± 

14 

471 ± 230 

0.42 ± 

0.21 

5.7% 

Long 

degas 

3 

418 ± 

129 

92 ± 12 24 

759 ± 

400 

94 ± 10 710 ± 410 

0.93 ± 

0.19 

83.3% 
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or not the crystals first nucleate within the membrane pores and grow out or whether 

the crystals first nucleate outside of the membrane pores and grow in. Put differently, 

there are two competing phenomena, the preferred nucleation at nanoscale 

pits/scratches on the surface and the challenge for crystallization precursors to 

effectively infiltrate and nucleate with the porous media.  

Nucleation at grooves or scratches on a surface is well agreed to be faster than 

nucleation on an atomically smooth surface.64–66 Simulations of protein growth in a 

nanopore show that for the right size nanopore, nucleation can be seven orders of 

magnitude faster than nucleation on a flat surface.67 For proteins, it seems that porosity 

can help promote nucleation and therefore nanorods may be more likely to nucleate 

independently within individual membrane pores. 68  Upon reaching the surface of the 

membrane, the nanorods are no longer restricted to grow in the cylindrical template of 

the membrane and begin to adopt a faceted equilibrium morphology. When the 

overgrowing bulk crystals originating from neighboring pores coalesce, they can form 

large single crystals even though they originated from different membrane pores. The 

result is bulk crystals with many attached nanorods, similar to what we saw in our 

experiments (Fig. 3.2E, F, Fig. 3.5D). This mechanism of bulk crystals overgrowing 

from nanorods was observed for lysozyme crystals grown in track-etched membrane 

pores.69 In our experiments, however, the backscattered electron images of the scraped 

membrane surfaces can help us rule out the likelihood that bulk crystals form by 

overgrowth of nanorods. In that case, we would expect to see a random distribution of 

nanorods filling the membrane pores. However, we only see nanorods in patches or 

cluster with other nanorods, leading us to believe that they likely nucleated off a bulk 
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crystal that covered that region of the membrane surface. Time studies where we could 

observe earlier stages of crystal growth or even nucleation would further allow us to 

disprove this mechanism.  

In the other possible nanorod growth mechanism, bulk crystals form first, 

either by forming in solution and falling to the membrane surface or by forming 

directly on the membrane surface (Fig. 3.3). Each of these bulk crystals covers an area 

of membrane pores and so when growth continues, the bulk crystal will continue to 

grow into those membrane pores and will form nanorods that are templated by the 

cylindrical membrane pores. It is plausible given what we know about the extra effort 

required to force other inorganic crystals to grow in nanoconfinement that bulk 

crystals are the first to form. For example, in many systems double-diffusion set ups or 

highly charged polymer additives were needed to encourage crystals to form within 

porous media.70–73  In our set-up, we have no additives and no restrictions on diffusion 

to promote nucleation in the pores of the track-etched membrane. 

There is one other study of an additive-free, non-diffusion limited system, 

where potassium iodide crystals were grown in track-etched membrane pores. They 

too found that the KI rods formed by overgrowing off of bulk crystals. 74 In their 

experiment the KI rods were single crystalline and were much larger than our 

nanorods, so that there was obvious faceting of the rod growth front, which allowed 

them to identify which of the two primary bulk KI facets the rods nucleated from. We 

know from our previous studies of the Cu2O composite nanorod formation that our 

nanorods often contain defects, which mean that each Cu2O rod is often composed of a 

few crystallographic grains whose orientation are slightly rotated from one another.61 
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It is possible that by studying bulk crystals with Cu2O or ZnO nanorods still attached 

we would be able to similarly identify if the nanorods have the same orientation as the 

bulk crystal facet from which they grow. By determining the crystallographic 

orientation of the multiple Cu2O or ZnO nanorods in the region in proximity to the 

bulk crystal, we could say with greater certainty that the nanorods do in fact form by 

overgrowth off of bulk crystals.   

With this understanding of the nanorod growth mechanism for Cu2O and ZnO, 

we now hope to expand upon our method to grow other nanorod materials. To fully 

generalize our method, we also want to be able to entrap other types of nanoparticles 

within the nanorods. As we saw from studying nanoparticle loaded membranes, we 

filled only a fraction of the membrane pores with nanoparticles (Fig. 3.6A,B). To 

increase the fraction of membrane pores that get “clogged” with particles, which 

experimental parameters should we alter? 

Studies of filtration explain that clogging of membranes often occurs by 

successive particle deposition as co-localized particles aggregate within a pore.75,76 

When particular ratios of particle size to pore size are satisfied, regular packings of 

particles in the pores can be achieved. 77 Clogging or fouling of membrane pores 

occurs for a range of particle and pore ratios if flow rate and solution concentration are 

large enough then have a larger influence in whether or not particles clog the pores or 

not. 78 We know that our Au NP solution is dilute, with a concentration of 6.7 nM, 

(Fig. 3.9) and we have not yet explored how flow rate might help us improve the 

number of membranes pores that we can clog with Au NPs.  
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Figure 3.9. Absorption of Au NPs reveals its characteristic plasmonic resonance 

peak at 525nm. The broadness of the peak indicates some polydispersity. Using 

this absorption data, following the method for calculating Au NP concentration 

from UV/Vis measurement, we determine the concentration of Au NP in solution is 

~6.7 nM. 
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In addition to flow rate and pressure, higher ionic strength solutions (100 mM) 

were able to modify the particle-particle and particle-pore wall intermolecular forces 

such that clogs were more likely to form.79 Our Au NPs are citrate-stabilized and 

dialyzed into a slightly basic 0.1 mM NaOH solution to help prevent aggregation. We 

have not yet tried to increase the ionic strength of the Au NP solution prior to loading 

them into the membrane, but attractive interparticle interactions could help promote 

clogging.76 Also notable, clogs that formed under high ionic strength solution 

conditions were more loosely packed, which could help explain to the dispersed 

nanoparticle formations we see after our nanoparticle loaded membranes are degassed 

for prolonged time periods in an electrolyte solution.79  

In addition, we would like to understand what controls the length over which 

particles are dispersed within our composite nanorods. One study found that the length 

of the microparticle clog was found to be of similar size to the pore width.80 In our 

experiments, ultimately the gold nanoparticles form plugs that are many times longer 

than the pore width. (Table 3.1) In our case, we successively filter the Au 

nanoparticles through both sides of the membrane, and we know little about the initial 

clog formation, so we cannot rule out the possibility that the initial clogs that form are 

of similar length to the pore width.  

We hypothesize that our Au NPs likely first clog in a “plug” structure (Fig. 7a) 

and then only reorganize and relax into a more dispersed configuration during the 

prolonged degas step (Fig. 8b). The degas step could mechanically disrupt the dense 

packing of the nanoparticles as solution is pulled through the membrane pores.81 
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Alternatively, the degas step takes place in a 0.068 M ionic strength solution, which 

will alter the particle-particle and particle-pore wall intermolecular forces and may 

stabilize a reorganized clog configuration.  By varying both the ionic strength of the 

Au NP solution that we use while loading membranes as well as the ionic strength of 

the solution in which we degas the loaded membrane, we may gain a better 

understanding of how ionic strength affects the clog structure.  

3.4 Conclusions 

We present the first steps towards a generalizable method for the growth of 

nanorods with entrapped nanoparticle arrays. By studying the growth mechanism of 

Cu2O nanorods in track-etched membrane pores, we learn that nanorods form within 

membrane pores by overgrowth off of bulk Cu2O crystals. We showed that ZnO too 

can form nanorods within membrane pores and that we can also form ZnO/Au NP 

composite nanorods. To expand to other nanoparticle materials, we investigated the 

Au NP loading mechanism and found that we are able to tune the dispersion of 

nanoparticles within the nanorod by allowing the nanoparticle loaded membrane to 

degas in an electrolyte solution. Future work should determine how combining 

plasmonic nanoparticles and semiconductors in this heterostructure geometry can 

modify both the optical absorption as well as the energy transfer of the composites. In 

particular, the ability to create chains of dispersed plasmonic nanoparticles holds 

promise for further improvements to the optoelectronic properties due to increased 

broadband absorption. 29,82 
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CHAPTER 4 

MOSAIC ANISOTROPY MODEL FOR MAGNETIC INTERACTIONS IN 

MESOSTRUCTURED CRYSTALS 

4.1 Abstract 

We propose a new model for interpreting the magnetic interactions in crystals 

with mosaic texture called the mosaic anisotropy (MA) model. We test the MA model 

using hematite as a model system, comparing mosaic crystals to polycrystals, single 

crystal nanoparticles, and bulk single crystals. Vibrating sample magnetometry 

confirms the hypothesis of the MA model that mosaic crystals have larger remanence 

(Mr/Ms) and coercivity (Hc) compared to polycrystalline or bulk single crystals. By 

exploring the magnetic properties of mesostructured crystals, like the mosaic crystals 

of hematite studied here, we may be able to develop new routes to engineering harder 

magnetic materials.  

4.2 Manuscript 

Biomineralization produces materials with hierarchical mesostructures that 

impart improved functionality compared to their non-biogenic counterparts.[1,2] 

Much research has focused on translating biomineral growth strategies into the 

laboratory to produce crystalline materials with complex architectures.[3–6] One 

common architecture in biominerals is that of mesostructured crystals, whose 

crystalline order falls between the perfect order of a single crystal and the random 

order of a polycrystal.[7] Numerous studies make the critical connection between 

                                                 
 Reproduced from Goldman, A.R., Asenath-Smith, E., Estroff, L.A., Mosaic anisotropy model for 

magnetic interactions in mesostructured crystals, APL Mater. 2017, 104901. doi:10.1063/1.5007794., 

with the permission of AIP Publishing 
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control of the crystallographic texture and manipulation of the mechanical, catalytic or 

electronic properties.[8–13] Magnetic properties are also highly sensitive to 

nanostructure, and others have already demonstrated how a variety of hierarchically-

structured crystals enable emergent (often enhanced) magnetic properties compared to 

their single crystal or polycrystalline counterparts.[14–20] Though many examples 

have reported mesostructured crystals made from magnetic materials, there has been 

limited characterization of their bulk magnetic properties and there is no general 

framework for understanding the long-range magnetic interactions in these 

nanocrystalline, mesostructured crystals.[21–23] In this work, we describe a 

generalized model for the magnetic interactions within one type of hierarchical 

architecture, mosaic crystals, in which the adjacent (coherent) crystalline domains are 

separated by small angle (< 15°) grain boundaries. Using mosaic crystals of hematite 

(α-Fe2O3), we test our prediction that small angle grain boundaries in mosaic crystals 

allow for enhanced remanence and magnetic hardness compared to single or 

polycrystals. 

The magnetic interactions in nanocrystalline materials are governed by 

competition between the magnetocrystalline anisotropy, which prefers to align spins 

along a particular crystallographic direction (the easy axis), and the ferromagnetic 

exchange energy, which prefers to align spins parallel to neighboring spins. The 

random anisotropy (RA) model, though first developed to describe amorphous 

ferromagnets[24], addresses this competition and can be broadly applied to the 

magnetic interactions in nanocrystalline materials.[25,26]  The random anisotropy 

model states that for a randomly-oriented, polycrystalline material with grain sizes (D) 
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much smaller than the ferromagnetic exchange length (Lex), the magnetic moments 

across many grains will be forced to align in a mutually parallel direction (Fig. 4.1a, 

black dashed circle). This mutual alignment of spins within one exchange length 

minimizes the exchange energy at the cost of the magnetocrystalline anisotropy 

energy. Therefore, in a polycrystal, the effective magnetocrystalline anisotropy is 

reduced. A smaller effective anisotropy means the material is likely to demagnetize a 

greater amount once the magnetic field is removed (the remnant to saturation 

magnetization ratio, Mr/Ms, will be reduced) and it will require a smaller magnetic 

field to fully demagnetize the material (the coercivity, Hc, will be reduced), meaning 

the material will be a softer magnet. Here, we consider the magnetic interactions in a 

mosaic crystal and propose the mosaic anisotropy (MA) model to describe the 

magnetic properties of this class of materials. We test our new model using mosaic 

crystals of hematite.  

In contrast to a polycrystalline material with randomly-oriented grains 

described in the RA model, a mosaic crystal can be thought of as a highly anisotropic, 

oriented grain structure with less than 15° of misorientation between neighboring 

grains.[27] Similar to the RA model, the MA model requires a magnetic material with 

a relatively high uniaxial magnetocrystalline anisotropy, such as hematite.[28] For a 

mosaic crystal, the exchange and magnetocrystalline anisotropy energy can be 

simultaneously minimized if the magnetic moments align along the well-oriented easy 

axes of the mosaic crystal (Fig. 4.1b). Based only upon the crystallographic alignment 

of the grains, we would expect the mosaic crystals to have a higher Mr/Ms than 

random polycrystals. Indeed, in bulk polycrystalline materials, increasing the 



100 

 

alignment of the easy axes of grains has been shown to increase the remnant to 

saturation magnetization ratio.[29–38]  In most of these examples, increased 

alignment leads to more exchange coupling between the grains. Then, once one grain 

reverses its magnetization direction, all of the neighboring grains will also reverse 

their magnetization, leading to a lower Hc than for random polycrystals. However, in a 

few studies, where secondary phases were present at the grain boundaries to impede 

the exchange coupling, there was a concurrent enhancement of Mr/Ms and Hc.[29,33] 

The extent to which the grains are magnetically exchange coupled is determined by 

grain size, grain alignment, and inter-grain spacing, each of which will affect the 

coercivity of the material.[35–45]  Therefore, depending on the nature of the exchange 

coupling between the crystallites in mosaic crystals, we can predict the effect on the 

coercivity. If the grains of the mosaic crystal perfectly exchange couple to each other, 

then similar to the other examples of textured polycrystalline ferromagnets, we would 

expect to observe a low Hc, close to that of a single crystal. However, mosaic crystals 

contain large concentrations of individual dislocations at the grain boundaries between 

crystallites (Fig. 4.1b, yellow). If there is enough crystallographic misorientation at the 

grain boundaries to disrupt the exchange coupling between grains, preventing the 

avalanche of magnetization reversal by pinning domain wall propagation, then we 

would expect to observe an increase in Hc compared to single crystals or polycrystals. 

However, if there is too much misorientation at the grain boundaries, then the barrier 

to nucleate a reverse domain will be lowered, and we would expect to see less of an 

increase in Hc than for the more oriented grains.  To test these hypotheses, we must 

examine a series of samples with textures spanning random polycrystals, mosaic  
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Figure 4.1 Schematic of the alignment of magnetic moments (a) in a 

polycrystalline material as described by the random anisotropy (RA) model and (b) 

in a mosaic crystal as described by the mosaic anisotropy (MA) model proposed in 

this paper. For the RA model, we discuss only the case where the grain size (D) is 

smaller than the ferromagnetic exchange length (Lex), the length within which 

neighboring spins must align parallel. A circle with radius Lex is shown in black. 
Crystalline grain boundaries are shown in blue solid lines and the high 

magnetocrystalline anisotropy axis is shown in blue arrows. Magnetic domain 

boundaries are shown in red dashed lines and the direction of the magnetic moment 

is shown in red arrows. For clarity, each arrow depicts only one high 

anisotropy/spin direction, though the antiparallel direction is energetically 

degenerate. (a) For the polycrystalline material, the high anisotropy axes of the 

crystalline grains are randomly oriented, and in the region outside the black dashed 

circle, the magnetic moments (red) always follow the high anisotropy axes (blue). 

Magnetic moments within one exchange length (within the black dashed circle) 

must align parallel to one another (large red arrow), though the magnetic moments 

now do not align with the high anisotropy axes. (b) For the mosaic crystal, the 

crystalline grains, and thus the high anisotropy axes, are highly oriented, with small 

angle grain boundaries (shown in yellow) between neighboring grains. Therefore, 

magnetic moments can align parallel to one another, while simultaneously aligning 

with the high anisotropy axes.   
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crystals, and single crystals.  

Hematite makes an excellent model system, both because it is a well-studied 

magnetic material and because mosaic crystals of hematite have already been prepared 

synthetically and thoroughly characterized.[46–49]  The two key features of the 

magnetic properties of bulk hematite are its canted antiferromagetic order at room 

temperature and its spin-flop transition to collinear antiferromagnetism (AFM), called 

the Morin transition, at ~260 K.[50] The canted antiferromagnetic order at room 

temperature endows hematite with a large pseudo-uniaxial magnetocrystalline 

anisotropy.[28] Additionally, due to the canting, the net ferromagnetic moment in 

hematite is tiny (~0.01 uB/Fe3+), meaning there is little driving force to break into 

domains and Lex is ~10-100 µm.[51,52]  This huge ferromagnetic exchange length 

means that only large-grained polycrystalline hematite will not experience reduced 

effective anisotropy as described by the random anisotropy model.  

The mosaic crystals studied here form pseudo-cubes ranging in size from 2-4 

µm, and are synthesized following procedures adapted from Matijevic, et al. (Fig 

4.2a,b).[46,53,54] Investigation into the internal structure of the mosaic crystals by our 

group revealed that the pseudo-cubes are composed of nanoscale crystalline subunits 

that are separated by low angle grain boundaries and are thus highly oriented with 

respect to one another, such that there is a single orientation of the hematite lattice 

across each pseudo-cube.[46] The mosaic spread (the angular range of the low-angle 

grain boundaries) for these mosaic crystals ranged from 0-12.8° depending on the 

crystallographic direction. Additionally, we reported that the mosaic crystals of 

hematite have an average crystallite size of ~25-45 nm, determined by Scherrer 
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analysis, which disregards the contributions of strain and therefore may 

over/underestimate the crystallite size by up to 50%.[46,55] Regardless of the large 

error in the estimate of the crystallite size, the grain size (D) in the mosaic crystals 

(25-45 nm) is orders of magnitude smaller than Lex of hematite (10-100 µm).[51] This 

knowledge of the internal crystalline structure of the mosaic crystals allows us to use 

this model system to expand the understanding of textured magnetic materials into 

mesostructured crystals, where the grain sizes are often orders of magnitude smaller.  

To test the prediction of the MA model that mosaic crystals will have enhanced 

magnetic hardness compared to polycrystals and bulk single crystals, we enlist a series 

of control samples with increasing amounts of orientation between crystallites, from 

single crystal nanoparticles to polycrystals to mosaic crystals to bulk single crystals. 

Bulk single crystals present a highly-oriented crystalline structure, which contains no 

grain boundaries and few crystallographic defects compared to the mosaic crystal. 

However, most large single crystal hematite is geologic in origin and contains many 

atomic impurities, complicating its use as a control sample. The study by Flanders, et 

al. on the magnetic properties of single crystals of synthetic, flux-grown hematite is 

used in place of our own single crystal control sample.[56] The polycrystalline 

hematite, which was purchased from Fisher Scientific, is composed of polydisperse, 

irregularly-shaped particles (Fig. 4.2c). The polycrystalline nanoparticles serve as the 

control sample with a randomly-oriented grain structure (Fig. 4.1a) to contrast the 

highly anisotropic, well-oriented grain structure of the mosaic crystals (Fig. 4.1b). The 

single crystal nanoparticles, which are synthesized following procedures adapted from 

Raming, et al. (see Supplementary Methods), form faceted, rhombohedral-shaped  
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Figure 4.2. (a) SEM of mosaic crystals of hematite shows pseudo-cubes with edge 

lengths ranging from 2-4 µm. (b) The rough surface of the pseudocubes, seen to be 

composed of anisotropic nanoparticles, reveals their mosaic internal structure. In 

order to better visualize the surface texture, contrast limited adaptive histogram 

equalization (CLAHE) in ImageJ was applied here.[58] The original image can be 

found in Fig. 4.S1. (c) TEM of hematite purchased from Fisher Scientific shows 

irregular shaped particles, many of which are polycrystalline, ranging in size from 

50 nm to >100 nm. (d) TEM of hematite nanoparticles shows that each 

nanoparticle is a faceted, 25-50 nm, rhombohedral, single crystal. 
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crystals (Fig. 4.2d).[57] The control sample of isolated single crystal nanoparticles 

help confirm that the crystallites in the mosaic crystal do not behave like independent 

non-interacting crystallites.  In this set of four samples, we tested the hypotheses of the 

MA model and provide a more complete description of the magnetic properties of 

mosaic crystals.   

To determine the magnetic hardness of each sample, isothermal field-

dependent magnetization measurements were performed using a vibrating sample 

magnetometer (VSM) (see Supplementary Methods). The mosaic crystal hematite has 

an open hysteresis loop at 300 K that becomes a wider loop at 15 K (Fig. 4.3a), while 

the polycrystalline hematite has an open hysteresis loop at 300 K that transitions to a 

closed line at 15 K (Fig. 4.3b). Finally, the single crystal nanoparticle hematite has a 

tiny open hysteresis loop at 300 K that remains open at 15 K (Fig. 4.3c). 

From the field-dependent magnetization, we can extract the coercivity (Hc), 

remnant to saturation magnetization ratio (Mr/Ms) and antiferromagnetic susceptibility 

(χAFM) from the 300 K data (Fig. 4.S2). The field-dependent magnetization for 

hematite is a superposition of a ferromagnetic (FM) hysteresis loop and a sloped 

antiferromagnetic (AFM) background whose slope is χAFM. Because the χAFM is an 

intrinsic material property determined by the crystal structure, we can use it as a 

measure of whether the mosaic crystals of hematite behave according to the canted 

antiferromagnetic order of hematite, or if uncompensated spins at the grain 

boundaries, instead, dominate the magnetic behavior. χAFM is assumed to be linear with 

magnetic field at 300 K and thus can be easily calculated by fitting the slope of the 

field-dependent magnetization data in the high field (40-50 kOe) region  
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Figure 4.3. Field-dependent magnetization is measured at two temperatures 300 K 

(yellow) and 15 K (red) for (a) the mosaic crystals shown in Fig. 4.2 a,b,  (b) the 

polycrystalline hematite shown in Fig. 4.2c, and (c) the single crystal nanoparticles 

shown in Fig. 4.2d, with the inset showing a small open hysteresis loop.  

The hysteresis loops at 300 K show a drastic difference in coercivity between the 

three samples (Fig. 4.3, yellow, Table 4.1).  The mosaic crystal has a coercivity of 

4.40 kOe, which is more than twice as large as that of polycrystalline hematite 

(1.70 kOe) and orders of magnitude larger than that of the single crystal 

nanoparticles (0.6 kOe) and bulk single crystal (0.006 kOe) (Table 4.1).  
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(Fig. 4.S2).[56] 

We find that χAFM  for both the polycrystalline and mosaic crystal hematite is 

close to that of bulk hematite (Fig. 4.S2, Table 4.S1). However, the single crystal 

nanoparticles have drastically different χAFM suggesting that the nanoparticles do not 

behave like bulk hematite, but rather behave magnetically like surface spins (Table 

4.S1). This result is critical to validating the applicability of the MA model to our 

mosaic crystals of hematite because the MA model describes only the interactions of 

spins in the crystallites and not the “free” surface spins.  

Other studies on pseudocubes or mesocrystals of hematite that appear similar 

in shape and surface morphology to our mosaic crystals report similarly large 

coercivity values.[59,60] However, none of these reports provide an explanation for 

the size of Hc based on a detailed understanding of the internal grain structure. 

Assuming the samples studied in these previous reports were also mosaic crystals, the 

MA model can also be used to explain their results.   

We also observe differences in the shape of the FM loops across the samples. 

The 300 K hysteresis loop for the mosaic crystal of hematite (Fig. 4.3a, yellow) is 

squarer than that of the polycrystalline or single crystal nanoparticle hematite (Fig. 

4.3b,c). The squareness can be quantified by the remnant to saturation magnetization 

ratio (Mr/Ms). In order to compare Mr/Ms values across samples, the antiferromagnetic 

susceptibility was subtracted (Fig. 4.S2). In order of increasing squareness, the Mr/Ms  

for the single crystal nanoparticles is 0.22, for the polycrystal is 0.54, for the bulk 

single crystal is 0.63, and for the mosaic crystal is 0.86 (Table 4.1). It has been shown 

that the portion of the hysteresis loop between Ms and Mr is especially dependent on  
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Table 4.1.  Magnetic data for the four hematite samples. 

§Data for the bulk single crystal is from Ref.  [56]. *See Fig. 4.S2 for explanation of 

how Mr/Ms and Hc (Oe) are extracted from the 300 K field-dependent 

magnetization measurements. †See Fig. 4.S3 for explanation of how Tm (K), ΔTm 

(K), and ΔM/M300K are extracted from the ZFC temperature-dependent 

magnetization measurements. ◊Value from single measurement, otherwise the value 

is the average of three measurements. 

 

Increasing 

Amount of 

Orientation 

Between 

Crystallites 

↓ 

 Mr/Ms
*
 Hc (kOe)*

 Tm (K)†
 ΔTm (K) † ΔM/M300K

† 

Single Crystal 

Nanoparticle 

0.22 0.6 247◊ 15◊ 38 %◊ 

Polycrystalline 0.54 1.70 265 12 87 % 

Mosaic 

Crystal 

0.86 4.40 181 125 14 % 

Bulk Single 

Crystal§ 

0.63 0.006 262.3 2.3 

Not 

reported 
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crystalline texture of the material.[61] The small (less than 0.5) Mr/Ms in the 

nanoparticles confirms that broken bonds and structural disorder dominate the 

magnetic behavior of the nanoparticles. The Mr/Ms for the polycrystals is close to the 

expected 0.5 for a randomly-oriented collection of hard, non-interacting 

crystallites.[62] The reduced Mr/Ms  for the polycrystals compared to the mosaic 

crystals indicates that indeed some of the anisotropy has been lost as predicted by the 

random anisotropy model. The Mr/Ms  of pure bulk single crystals is likely lower than 

that of the mosaic crystals because the bulk single crystals are multi-domain 

magnets.[56] Though reports of the single domain/multi-domain cut-off size in 

hematite vary from 15 µm to > 100 µm, the size of the mosaic crystals falls safely 

below this limit, while the synthetic bulk single crystals of Flanders, et al. (though not 

reported) likely falls above this limit.[56,63–65] The Mr/Ms  of multi-domain magnets 

is generally lower than that of single domain magnets due to the lower energetic cost 

of magnetization reversal in a material that already contains domain walls.   The large 

Mr/Ms  for the mosaic crystals is consistent with the remanence enhancement predicted 

for highly aligned grain structures. [29–32,34–38]  

From the 300 K field-dependent magnetization behavior alone, we can conclude 

that as predicted by the MA model, the mosaic crystals of hematite are harder magnets 

than polycrystalline or single crystal hematite (Fig. 4.3, yellow). The high degree of 

alignment between neighboring crystallites in the mosaic crystal allows for the magnetic 

moments to align with the high magnetocrystalline anisotropy axis, while still aligning 

with one another. Therefore, the mosaic crystal is able to retain its large effective 

anisotropy, which can be seen in the large Mr/Ms, which is higher for the mosaic crystals 
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than for all of the other control samples (Table 4.1). If alignment of crystalline grains 

was the only concern, then the mosaic crystal should perform similarly to the bulk single 

crystal, but the mosaic crystal has a coercive field that is ~103
 times larger than that of 

the bulk single crystal. Because of the large Hc compared to the bulk single crystal and 

random polycrystal, we can conclude that there is a disruption of the exchange coupling 

between the grains. Additionally, because the magnetization reversal does not seem to 

occur as an avalanche (Fig. 4.3a), we can conclude that the grain boundaries must pin 

domain wall propagation during magnetization reversal. It is possible that a mosaic 

crystal with less misorientation between the crystallites could further increase Hc 

because the large misorientation in these hematite mosaic crystals (up to 12.8°) may 

provide lower energetic barriers to nucleate reverse domains. The framework presented 

here lays the groundwork for further modeling to explore the quantitative dependence 

of misorientation angle on magnetization reversal in textured materials.[35–38] Future 

studies should grow mesostructured crystals with different degrees of misorientation in 

order to test the competition between the propagation and nucleation of reverse 

domains. Not only are mosaic crystals a unique platform to explore the magnetic 

interactions in materials with high degrees of alignment, but the nanometric grain sizes 

allow us to explore different regimes of exchange coupling effects than in textured, bulk 

ferromagnets.  

The 15 K field-dependent magnetization reveals further differences between 

the mosaic crystals and the polycrystalline and single crystal nanoparticle reference 

materials (Fig. 4.3, red). By 15 K, the polycrystalline hematite exhibits collinear 

antiferromagnetic order, expected for hematite that has undergone the Morin transition 
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(Fig 4.3b, red). The mosaic crystal not only retains its open hysteresis loop down to 15 

K, but the coercive field is larger at 15 K than at 300 K (Fig. 4.3a, red). The single 

crystal nanoparticles retain a small open hysteresis loop, though the AFM 

susceptibility decreased from 300 K to 15 K, together continuing to indicate they 

behave like isolated nanoparticles with uncompensated surface spins (Fig. 4.3c, red).  

Temperature-dependent, zero-field cooled/field cooled (ZFC/FC), 

magnetization measurements were performed to study the Morin transition of the 

hematite samples (Fig. 4.4).  The Morin transition temperature (Tm), sharpness of the 

transition (ΔTm), and the percent decrease in magnetization from 300 K to 15 K 

(ΔM/M300K) are extracted from the ZFC temperature-dependent magnetization 

measurements for all three samples (Table 4.1, Fig. 4.S3).  These measurements 

confirm the well-defined Morin transition in the polycrystalline hematite (Fig. 4.4b), 

which occurs at the expected ~260 K for bulk hematite, and the lack of a Morin 

transition in the mosaic crystal hematite, which shows almost no decrease in 

magnetization from 300 K to 15 K (Fig. 4.4a). The polycrystalline hematite loses 87% 

of its initial magnetization after going through the Morin transition, while the mosaic 

crystals lose only 14% of their initial magnetization (Table 4.1). A partial Morin 

transition occurs in the single crystal nanoparticles (Fig. 4.4c), which reduce their 

initial magnetization by 38%. Additionally, the range of temperatures over which the 

Morin transition occurs (ΔTm) is much larger for the mosaic crystals than for the 

polycrystals, single crystal nanoparticles or bulk single crystal (Table 4.1).  

The Morin transition arises due to the differing temperature dependencies of the 

single ion (also called fine structure) anisotropy and dipolar anisotropy.[66] The Morin  



112 

 

  

Figure 4.4. Temperature-dependent, zero-field cooled/field cooled (ZFC/FC), 

magnetization measurements collected with an applied field of 1 kOe. (a) Mosaic 

crystal hematite shows only a gradual and broad decrease in magnetization across 

the whole temperature range. (b) Polycrystalline hematite exhibits a sharp Morin 

transition centered near 260 K, the transition temperature for bulk hematite. (c) 

Single crystal nanoparticle hematite shows a partial Morin transition slightly below 

the expected Tm.  
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transition has been shown to be sensitive to strain[67,68], size[18,69–73], non-magnetic 

impurities[56,74], shape[75,76] and inter-particle interactions[77,78], each of which has 

been shown to depress Tm to lower temperatures or eliminate it entirely.  It should be 

noted that the mosaic crystals have 32.5 ppm atomic Si impurities due to their growth 

in a borosilicate glass vessel.[54] However, Flanders, et al. found that 1 wt% (10,000 

ppm) Si impurity in bulk single crystals of hematite did not shift the Morin transition 

temperature from its bulk value.[56] As a result, we believe that the absence of a Morin 

transition in the mosaic crystals of hematite is neither due to non-magnetic impurities, 

nor to size given that the mosaic crystals (Fig. 4.3a, 4.4a) behave distinctly from the 

collection of isolated hematite nanoparticles (Fig. 4.3c, 4.4c). The Si impurities, 

however, do impact the hematite lattice and there is an anisotropic expansion of the c 

axis by 0.19%.[54] Using the empirical relationships that relate the Morin transition 

temperature, particle diameter and strain, the mosaic crystals would need between 0.1-

0.29% strain in order to depress Tm to 181 K, which is in the ballpark of the lattice strain 

for the hematite mosaic crystals.[67,76] Thus, it is likely that the Morin transition is 

suppressed in the mosaic crystals due to strain.  

In summary, we developed the mosaic anisotropy model to predict that mosaic 

crystals will have a larger remanence and be harder magnetic materials than 

polycrystals or single crystals. The MA model hypothesizes that the crystallographic 

alignment of grains and the small angle grain boundaries between them, both 

contribute to the higher Hc and larger Mr/Ms ratio. We tested these predictions using 

mosaic crystals of hematite and showed that their coercivity and Mr/Ms ratio are 

significantly higher than those of polycrystals, single crystal nanoparticles and bulk 
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single crystals. Hematite served as an excellent model system for this study, though 

our model can generally describe the magnetic interactions in other hierarchically-

structured materials whose crystalline order falls between that of single crystals and 

polycrystals.[9,21] By continuing to explore the magnetic properties of mesostructured 

crystalline architectures, particularly those with small angle grain boundaries, we may 

be able to develop new routes to engineering harder magnetic materials without 

relying on scarce rare earth magnets. 
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4.4 Supplementary Methods 

4.4.1 Materials 

All materials were used without further purification.  

Ferric oxide powder, Lot #: 997109 (Fisher Scientific).  

Iron(III) chloride hexahydrate, ≥99% (Sigma-Aldrich) 

Hydrochloric acid, 36.5−38%; Certified ACS Plus Reagent (Fisher Scientific)  

4.4.2 Synthesis  

Mosaic crystals of hematite were synthesized following methods described in 

Asenath-Smith and Estroff.46,54 
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Single crystal hematite nanoparticles were synthesized using adapted procedures from 

Raming, et al.57 Briefly, a 250 mL Pyrex media bottle containing 250 mL of 1 mM 

HCl solution was heated while stirring to 98 °C. Then, 0.1351 g FeCl3●6H2O powder 

(for a final concentration of 2 mM FeCl3 in the 250 mL solution) was added to the 

heated HCl solution. A pipette was used to rinse all of the FeCl3 powder out of the 

weigh boat using the heated 1 mM HCl. The bright orange, transparent solution stirred 

for 5 minutes before a lid was placed on the Pyrex bottle and it was moved into a pre-

heated 100 °C furnace for 6 days. Upon removal from the furnace and cooling, the 

reddish-orange solution now containing α-Fe2O3 nanoparticles remained transparent. 

The nanoparticles were rinsed by dialysis (MWCO = 3.5K) with deionized water with 

four exchanges over the course of 48 hours. The nanoparticle solution was transferred 

into 50 mL centrifuge tubes and placed into the freezer to force the particles to settle 

out of solution. After defrosting, the nanoparticle solutions were centrifuged (3600 g, 

5 min) and supernatant disposed of. The red-orange nanoparticle powder was 

lyophilized to dryness.  

4.4.3 Magnetic Characterization 

Vibrating Sample Magnetometry measurements were performed on a Quantum Design 

Physical Properties Measurement System (PPMS). Powder samples (< 10 mg) were 

weighed to 0.00001 g precision and loaded into a polypropylene powder sample 

holder. All measurements of magnetization are normalized to the mass of powder. 

Each set of ZFC/FC and field-dependent measurements was performed on a fresh 

sample. First, zero-field cooled/field cooled (ZFC/FC) measurements were performed 

by first cooling the sample to 15 K in zero field to lock in the magnetization state. 
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Then a 1 kOe field was applied and the sample magnetization was recorded as a 

function of temperature upon warming to 300 K and upon cooling to 15 K. Following 

the ZFC/FC measurements, isothermal, field-dependent measurements were 

performed at 15 K and 300 K with a ramp rate of 100 Oe/second to ± 70 kOe.  

4.4.4 Structural and Phase Characterization  

Carbon-coated mosaic crystals of hematite were imaged using using a Mira3 LM field 

emission scanning electron microscopy (SEM) at 10 keV.  

Fisher Scientific Fe2O3 particles and our own nanoparticles were imaged under bright-

field conditions in a Tecnai T12 transmission electron microscope (TEM) equipped 

with a LaB6 filament operating at 120 kV. 

Phase analysis was performed via powder x-ray diffraction (XRD) using a Bruker D8 

Advance ECO powder diffractometer with Cu Kα radiation, operating at 40 kV and 25 

mA with scan rates of 1-3°/minute. Phase purity of all three hematite samples and 

crystallite size determinations of the two nanoparticle samples are shown in Fig. 4.S4 

and Table 4.S2. 
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4.5 Supporting Information 

 

 

  

Figure 4.S1. Original SEM image of Fig. 4.2b. In Figure 4.2b, to better visualize 

the surface texture, contrast limited adaptive histogram equalization (CLAHE) in 

ImageJ was applied.58 



118 

 

 

 

  

Figure 4.S2. Method for calculating and subtracting the antiferromagnetic (AFM) 

susceptibility (χAFM) from the 300 K field-dependent magnetization data in order to 

extract the remnant to saturation magnetization ratio (Mr/Ms) and coercive field (H-

c). In this figure, the method is demonstrated for the polycrystalline hematite 

sample. (A, inset) First we fit the slope of the raw magnetization curve, shown in 

pink, in the high-field region from 40 to 50 kOe. This slope is χAFM and the average 

of three measurements is reported in Table 4.S1 below. (a) Next, we extrapolate 

this fit over the total magnetic field range, shown in the dotted black line. (b) The 

magnetization curve with the χAFM subtracted, shown in blue, now reflects only the 

ferromagnetic (FM) component of the magnetization. The saturation magnetization 

(Ms) is defined by the value of the FM magnetization curve at a 50 kOe. (B, inset) 

The remnant magnetization (Mr) is defined by the y-intercept of the FM 

magnetization curve. The coercive field (Hc) is defined by the x-intercept of the 

FM magnetization curve. 
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Table 4.S1. Calculated antiferromagnetic (AFM) susceptibility (χAFM) values for 

the 4 hematite samples. 

Sample χAFM (emu/g/kOe) 

Mosaic Crystal 0.019* 

Polycrystalline 0.018* 

Single Crystal Nanoparticle 0.011 

Bulk Single Crystal 0.022§ 

 § Data for bulk single crystal from Ref. 56. *Values are the average of 3 

measurements.  
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Figure 4.S3. Method based on Ref. 71 for calculating the Morin transition 

temperature (Tm), the sharpness of the Morin transition (ΔTm), and the percent 

decrease in magnetization from 300 K to 15 K (ΔM/M300K) from the zero field-

cooled temperature-dependent magnetization data. In this figure, the method is 

demonstrated for the polycrystalline hematite sample. (a) First the raw 

magnetization data is averaged using a binning method with the minimum bin size 

necessary to achieve a single maximum in the slope versus temperature. (A, inset) 

The average magnetization does not deviate significantly from the raw 

magnetization. (b) We calculate ΔM/ΔT for sequential data points of the averaged 

magnetization data. The Morin transition temperature is defined as the temperature 

at which the slope is maximum. (c) To define the percent decrease in magnetization 

from 300 K to 15 K (ΔM/M300K), we define M300K as the averaged magnetization 

value at 300 K (shown as horizontal line in yellow) and ΔM as the averaged 

magnetization value at 300 K minus the averaged magnetization value at 15 K 

(shown as a horizontal line in red). We define the sharpness of the Morin transition 

(ΔTm) by the difference in temperature between the intersections of the 

extrapolated slope (blue dashed line) with M300K (yellow line) and M15K (red line). 
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Figure 4.S4. Powder x-ray diffraction (XRD) of the (a) mosaic crystals of 

hematite, (b) polycrystalline hematite and (c) single crystal nanoparticles of 

hematite. (d) For reference, PDF (#00-033-0664) for hematite is shown to confirm 

that all three samples are single phase.  
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Table 4.S2. Crystallite sizes analysis (Scherrer) from Powder x-ray diffraction data 

(Fig. S4).  

2 Theta 

(degrees) (h k l) 

Crystallite Size (Å) 

 

 

Mosaic 

Crystal* 

Polycrystalline Single Crystal 

Nanoparticle 

24.1 (0 1 2) 294 (8) >1000  329 (34) 

33.1 (1 0 4) 243 (4) >1000  312 (11) 

35.6 (1 1 0) 335 (6) >1000  460 (19) 

40.9 (1 1 3) 245 (8) >1000  401 (43) 

49.4 (0 2 4) 231 (6) >1000  333 (38) 

54.0 (1 1 6) 241 (4) >1000  382 (34) 

* Data for mosaic crystal is from Ref. 46.  
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CHAPTER 5 

EXPLORING REACTION PATHWAYS IN THE HYDROTHERMAL GROWTH 

OF PHASE-PURE BISMUTH FERRITES   

5.1 Abstract 

Phase-pure bismuth ferrites (BiFeO3 and Bi2Fe4O9) are grown using 

hydrothermal synthesis. In addition to varying the KOH, bismuth, and iron salt 

concentrations to tune which crystalline phases are formed, we identified that a 48-

hour, pre-furnace, room temperature reaction is critical for the formation of phase-pure 

BiFeO3. To understand the reaction pathways leading to the different bismuth ferrite 

phases, we investigate the changes in composition of the intermediate products as a 

function of reagent concentrations and room temperature reaction times. During the 

syntheses that included a room temperature reaction, Bi25FeO40 is formed in the 

intermediate products, and BiFeO3 is the majority phase of the final products. The 

BiFeO3 crystals grown using this method are clusters of faceted sub-units. These 

results indicate that forming Bi25FeO40 is a productive route to the formation of 

BiFeO3. Bi2Fe4O9 is formed via an alternate reaction pathway that proceeded via an 

amorphous precursor. This improved understanding of how hydrothermal synthesis 

can be used to control the phase-purity and morphology of bismuth ferrites opens 

doors to explore the multiferroic properties of BiFeO3 with complex morphologies.  

5.2 Introduction 

BiFeO3 has gained much attention for its promise as the only known room-

                                                 
 Reproduced from Goldman, A.R., Fredricks, J.L,. Estroff, L.A. Exploring reaction pathways in the 

hydrothermal growth of phase-pure bismuth ferrites, J. Cryst. Growth .2017 468, 104–109. 

doi:10.1016/j.jcrysgro.2016.09.054, with the permission of Elsevier. 
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temperature, single-phase magnetoelectric multiferroic material 1,2. One of the largest 

challenges to exploring the magnetoelectric properties of BiFeO3 has been the phase-

pure growth of BiFeO3, as often other ternary phases such as Bi2Fe4O9 and Bi25FeO40 

are also produced. Recently, it has been reported that BiFeO3 is amenable to growth by 

hydrothermal synthesis, which allows for simultaneous control of phase and crystal 

morphology 3–6. A plethora of experimental variables have been used to achieve 

phase-pure BiFeO3 in the literature 7–14, however, further understanding of which 

variables control which phases are formed is needed to establish robust and tunable 

syntheses.    

By systematically controlling multiple experimental variables, we developed a 

robust, tunable, additive-free synthesis that yields two different bismuth iron oxides in 

phase-pure form, dependent on well-defined parameters. We achieved phase-pure 

BiFeO3 by adding a 48 hour room temperature reaction time to the synthesis. By 

characterizing the intermediate products prior to furnace treatment in conjunction with 

the final products, we elucidate elements of the growth pathways for different bismuth 

iron oxides.   

5.3 Experimental Methods 

5.3.1 Materials  

All reagents were used as received without further purification: Bismuth (III) nitrate 

pentahydrate (≥98.0%, ACS reagent, Sigma Aldrich), Iron (III) nitrate nonahydrate 
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(≥98.0%, ACS reagent, Sigma Aldrich), Potassium hydroxide (~45%, for HPLC, 

Sigma Aldrich), Nitric acid (70%, ACS reagent, Sigma Aldrich).  

5.3.2 Methods 

  Bismuth ferrite crystals were grown using hydrothermal synthesis. 

Crystallization solutions were prepared in various concentrations (Table 1). Bismuth 

and iron salts were first dissolved in a minimum volume of HNO3 to produce a 

concentration of 10 mM or 100 mM in the final 80 mL reaction volume. For the 10 

mM final concentration, 0.388 g Bi(NO3)3●5H2O and 0.323 g Fe(NO3)3●9H2O were 

dissolved in 2 mL of 5 M HNO3 and for the 100 mM final concentration, 3.881 g 

Bi(NO3)3●5H2O and 3.232 g Fe(NO3)3●9H2O were dissolved in 4 mL of 5 M HNO3. 

The nitric acid, bismuth and iron salt solution was stirred (covered) for at least one 

hour to allow for complete dissolution of the salts. Deionized water was added to 

reach a volume of 18 mL and the solution stirred for at least an additional 10 minutes. 

For a final KOH concentration of 6 M or 9 M in the final 80 mL volume, 62 mL of the 

appropriate concentration KOH solution was prepared separately and added to a 125 

mL Teflon liner of a Parr vessel (Parr Instrument Company, USA). Using a syringe 

pump, the Bi3+ and Fe3+
 solution was added drop-wise at 0.3 mL/min to the KOH 

solution under vigorous stirring. For the synthesis with no room temperature reaction, 

after completion of the drop-wise addition, the brown solution was sealed in the Parr 

vessel and immediately transferred to the furnace.  For the synthesis with 48 hours of 

room temperature reaction time, after completion of the drop-wise addition, the 

solution stirred (covered) at room temperature under vigorous stirring before furnace 

treatment. The furnace conditions remained constant for all experiments with a 
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1°C/min ramp rate to 200°C for 12 hours. The furnace was allowed to cool naturally to 

room temperature prior to washing the products in 1 M HNO3 and deionized water via 

centrifugation. Powders were lyophilized prior to analysis. Between syntheses the 

Teflon Parr vessel liner needed to be soaked in concentrated hydrochloric acid in order 

to remove any trace bismuth ferrites that would otherwise preferentially seed growth 

during subsequent reactions.  

In experiments where the intermediate products were analyzed, after the drop-

wise addition of the bismuth and iron solution to the base solution, the brown slurry 

was centrifuged to separate the solid intermediate products from the supernatant. To 

identify the intermediate products, x-ray diffraction was performed. For the synthesis 

where the soluble salts were removed, the intermediate solid precipitate was washed 

three times in deionized water by centrifugation and then lyophilized prior to 

resuspension in 80 mL of 9 M KOH and furnace treatment.  

5.3.3 Characterization 

 Phase analysis was performed via powder x-ray diffraction (XRD) using a Scintag 

theta-theta diffractometer with Cu Kα (1.54 Å) radiation, operating at 40 kV and 40 

mA with scan rates of 2.5-4°/min. XRD patterns were compared with the Joint 

Committee on Powder Diffraction Standards (JCPDS) database. The lyophilized 

powders were carbon-coated and imaged using a Mira3 LM field emission scanning 

electron microscopy (SEM) at 10 keV.  

5.4 Results  

The goal of this research was to develop a robust synthesis of BiFeO3. Table 1 

provides a summary of the reaction conditions used for each synthesis. Briefly, after 
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complete dissolution of the bismuth and iron salts in concentrated nitric acid, this 

transparent, light yellow solution is added drop-wise to a concentrated base solution 

under vigorous stirring. During the drop-wise addition, an opaque brown slurry forms, 

which lightens in color with prolonged stirring at room temperature (room temperature 

reaction time).  After hydrothermal treatment, the resulting powders are analyzed by 

XRD and SEM. Visually, the BiFeO3 powders appear black, while Bi2Fe4O9 appears 

orange. In some syntheses, trace amounts of yellow Bi2O3 or red Fe2O3 were also 

present, but these binary products could be removed by a dilute nitric acid wash.  
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Table 5.1.  Summary of hydrothermal growth conditions and intermediate and final 

phases present as identified by powder x-ray diffraction. 

 

Experiment 

Label 

[Bi3+] 

= 

[Fe3+] 

[KOH] Room 

Temperature 

Reaction Time 

Intermediate 

Phases 

Final 

Phases 

10mM/0hr 10 mM 6 M 0 hours Amorphous Bi2Fe4O9 

10mM/48hr 10 mM 6 M 48 hours Amorphous + 

unidentified 

crystalline 

BiFeO3 +  

α-Fe2O3 + 

unidentif-

ied 

100mM/0hr 100 

mM 

9 M 0 hours Bi25FeO40 BiFeO3 + 

Bi2Fe4O9 

100mM/48hr 100 

mM 

9 M 48 hours Bi25FeO40 + 

unidentified 

crystalline 

BiFeO3 
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Powder x-ray diffraction of the products formed using the 10mM/0hr reaction 

conditions indicates that phase-pure Bi2Fe4O9 crystals are produced (Fig. 5.1a). In 

contrast, XRD of the products formed using the 100mM/48hr reaction conditions 

reveals that phase-pure BiFeO3 crystals are formed at the higher salt concentrations 

with a 48 hour room temperature reaction (Fig. 5.1d). Morphologies of both phase-

pure samples were imaged by SEM. Bi2Fe4O9 forms flat, plate-like crystals that are on 

average 500 nm long and 100 nm thick (Fig. 5.S1). These morphologies are consistent 

with those from other reports 15,16. The BiFeO3 particles are large 150-200 µm clusters 

of smaller faceted crystals, which are 20-40 µm (Fig. 5.2a).   

To understand the impact of each variable (e.g., salt concentration, room 

temperature reaction time, and KOH concentration) in the synthesis, we analyzed 

samples grown under “exchanged” conditions (Table 5.1). In contrast to the XRD 

patterns of phase-pure samples (Fig.5.1a,d), the 100mM/0hr and the 10mM/48hr 

products exhibit clear evidence of secondary phases along with a majority BiFeO3 phase 

(Fig. 5.1b,c). To confirm the necessity of pairing 100mM/48hr with 9 M KOH, and 

10mM/0hr with 6 M KOH to obtain phase-pure crystals of BiFeO3 and Bi2Fe4O9 

respectively, we also performed experiments under “exchanged” KOH concentrations. 

The growths using 100mM/48hr with 6 M KOH and 10mM/0hr with 9 M KOH both 

produced BiFeO3 with several impurity phases (Fig. 5.S2).  

Based upon these results, it is clear that there are specific criteria under which 

the different phase-pure bismuth iron oxide phases form. By studying the trends 

between samples grown under systematically-varied growth conditions, we aimed to 

learn about the crystal growth pathways that favor the formation of one bismuth iron  
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Figure 5.1. Powder x-ray diffraction patterns of the final products of bismuth iron 

oxide hydrothermal synthesis experiments. a) The 10mM/0hr reaction conditions 

yield phase-pure Bi2Fe4O9. b) The 100mM/0hr conditions produce a majority phase 

BiFeO3 with small amounts of Bi2Fe4O9 (indicated by ●). c) The 10mM/48hr 

conditions produce a majority phase BiFeO3 with several impurity phases (indicated 

by *). d) The 100mM/48hr conditions yield phase-pure BiFeO3.  
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Figure 5.2. SEM images of (a) Phase-pure BiFeO3 formed by the 100mM/48hr 

reaction conditions and (b) Phase-pure BiFeO3 formed by a modified 100mM/48hr 

synthesis during which the soluble ions present after the room temperature reaction 

are removed and replaced with pure KOH.  
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oxide over another.  Phase-pure Bi2Fe4O9 is only formed at 10 mM [Bi3+]=[Fe3+] and 

6 M KOH with no room temperature reaction (Fig. 5.1a). Altering the phase-pure 

Bi2Fe4O9 synthesis by adding a room temperature reaction step to the procedure 

eliminates any trace of Bi2Fe4O9 from the final products and instead the majority phase 

becomes BiFeO3
 (Fig. 5.1c).  

Both syntheses at 100 mM [Bi3+]=[Fe3+] and 9 M KOH favor the formation of 

BiFeO3 (Fig. 5.1b,d).  This data suggests that higher concentrations of the bismuth, 

iron and hydroxide salts appear to promote the formation of BiFeO3 over other 

bismuth iron oxide phases. However, use of higher concentrations of precursor salts 

does not guarantee phase-pure BiFeO3 formation as evidenced by the 100mM/0hr 

growth, which yielded inconsistent results from growth to growth, and often contained 

Bi2Fe4O9 (Fig. 5.1b). The inclusion of a room temperature reaction step (for 12-48 

hours) to the synthesis prior to the hydrothermal treatment ensured that the final 

products will be phase-pure BiFeO3.  

We aimed to understand why the prolonged room temperature reaction is 

required for growing phase-pure BiFeO3, but is unfavorable for growing Bi2Fe4O9. To 

investigate the role of the room temperature reaction time, we isolated and 

characterized the solid intermediate products formed in solution prior to furnace 

treatment (Fig. 5.3). There are striking differences between the intermediate phases 

that lead to phase-pure Bi2Fe4O9 and phase-pure BiFeO3. The intermediate products 

that lead to phase-pure Bi2Fe4O9 are amorphous (Fig. 5.3a), while those that lead to 

phase-pure BiFeO3 are a mixture of crystalline Bi25FeO40, amorphous material, and 
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unidentified crystalline phases (Fig. 5.3d).  More surprisingly, the 10mM/48hr 

reaction conditions, which produced a multi-phase mixture of final products, yield 

intermediate products that contain only one crystalline phase, Bi25FeO40 (Fig. 5.3c). 

The intermediate products for the 100mM/0hr growth do not contain any Bi25FeO40, 

but instead are a mixture of amorphous and unidentified crystalline phases (Fig. 5.3b), 

which further confirms that a prolonged room temperature reaction is necessary for 

growth of Bi25FeO40. 

To further investigate the reaction pathway for phase-pure BiFeO3 following 

the 100mM/48hr reaction, we considered the composition of the isolated 

intermediates. The crystalline intermediate product, Bi25FeO40, is highly Bi-rich. If all 

of the bismuth in the flask is converted into Bi25FeO40 and the Bi25FeO40 alone 

transformed to BiFeO3, we would expect the final yield of BiFeO3 to be 1/25 of the 

theoretical yield. However, the yield of phase-pure BiFeO3 for the 100mM/48hr 

reaction is greater than 90% of the theoretical yield, so nearly all of the bismuth and 

iron in the original reaction mixture is converted into BiFeO3. Therefore, the Fe3+ in 

the final BiFeO3 must come from either soluble Fe3+ or an Fe-rich solid phase.  

We next endeavored to determine whether or not the solid intermediates 

contain all of the necessary ions to form phase-pure BiFeO3 or if soluble ions in the 

supernatant are also necessary. Beginning with the 100mM/48hr reaction conditions, 

we isolated and rinsed the solid intermediate product by centrifugation and disposed of 

the supernatant, which would contain any soluble ions. We then redispersed the solid 

intermediate products in 80 mL of 9 M KOH and proceeded with hydrothermal 

treatment. The final product remained phase-pure BiFeO3 (Fig. 5.S3) and the yield of  
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Figure 5.3. Powder x-ray diffraction patterns of the intermediate products formed 

prior to furnace treatment. (a) Amorphous intermediate isolated from the 10mM/0hr 

reaction, which leads to the formation of phase-pure Bi2Fe4O9. (b) A mixture of 

amorphous and unidentified crystalline products isolated from the 100mM/0hr 

reaction. (c) Crystalline Bi25FeO40 isolated prior to furnace treatment for the reaction 

condition 10mM/48hr. (d) A mixture of crystalline Bi25FeO40, amorphous material 

and unidentified crystalline products isolated from the 100mM/48hr reaction, which 

forms phase-pure BiFeO3 after furnace treatment.  



145 

 

BiFeO3 was 90% of the theoretical yield, confirming that all of the necessary ions 

were present in the solid intermediate product.  

The morphology of the BiFeO3 formed after removal of the soluble ions is 

different than the particles formed by the original 100mM/48hr reaction conditions 

(Fig. 5.2). The BiFeO3 particles formed from the washed intermediates are much 

smaller (~50 µm, with the subunits less than 10 µm) than those from the original 

reaction conditions (Fig. 5.2b). In addition, the subunits within an individual cluster 

appear to be more oriented with respect to one another as compared to the larger, more 

disordered clusters formed by the original reaction conditions (insets in Fig. 5.2a,b).  

5.5 Discussion 

In this work, we developed a robust, highly reproducible and tunable synthesis 

of two different phase-pure compositions of bismuth iron oxide. The concentrations of 

the iron and bismuth salts and the length of the room temperature reaction time control 

whether phase-pure BiFeO3 or Bi2Fe4O9 is produced.  By investigating the 

intermediate products formed during the room temperature reaction, we conclude that 

there are distinct reaction pathways leading to each phase (Fig. 5.4).  Upon mixing the 

lower salt concentrations (10 mM) with concentrated base, an amorphous solid forms 

(Fig. 5.3a), which upon hydrothermal treatment transforms to phase-pure Bi2Fe4O9 

(Fig. 5.1a). When a room temperature reaction is added, there is an alternate growth 

pathway that proceeds via crystalline intermediates, the major phase being Bi25FeO40 

(Fig. 5.3c,d). Upon hydrothermal treatment of the higher salt concentrations (100 mM) 

with the addition of a room temperature reaction, this reaction pathway yields phase-

pure BiFeO3 (Fig. 5.1d). These results are consistent with those of Cai, et al., who  
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Figure 5.4. Schematic representation of the proposed reaction pathways that lead to 

phase-pure Bi2Fe4O9 and BiFeO3. By choosing the top pathway, using 10mM/0hr, 

the reaction proceeds via an amorphous intermediate, which upon furnace treatment 

forms phase-pure platelets of Bi2Fe4O9. By choosing the bottom pathway, using 

100mM/48hr, the reaction proceeds via a crystalline intermediate product that 

includes Bi25FeO40 and other crystalline phases, which after furnace treatment 

transform to well-defined, large aggregates of phase-pure BiFeO3. 
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proposed a reaction mechanism where solid Bi25FeO40 reacts with the less soluble 

[Fe(OH)4]
- to ultimately form BiFeO3 

17, and with others who observe that Bi25FeO40 

often forms at lower [OH-], shorter furnace reaction times, or lower furnace 

temperatures, but that increasing any of these three variables will instead yield BiFeO3 

18–20. Further investigation is necessary to reveal how the Bi25FeO40 and other solid 

intermediates, some of which must be Fe-rich, transform during hydrothermal 

treatment in concentrated base to ultimately form faceted BiFeO3 particles.  

The morphologies of the BiFeO3 particles are interesting both from a 

mechanistic as well as a properties perspective. While rinsing away the soluble ions 

from the solid intermediate did not change the phase (Fig. 5.S3), it significantly alters 

the particle morphology (Fig. 5.2).  The blocky BiFeO3 aggregates grown following 

the 100mM/48hr reaction conditions with no rinsing (Fig. 5.2a) are ~3 times larger 

than most of those grown by others 5,7,19. When we washed away the soluble ions prior 

to furnace treatment, the BiFeO3 aggregates become smaller, ~50 µm, and similar in 

size to those of Suzuki, et al., who also removed the soluble ions via washing prior to 

furnace treatment 5.  In addition to the change in overall size, the faceted sub-units 

become more well-organized, again consistent with previous reports [5]. While there 

are literature reports of individual BiFeO3 micro-cubes 3,9,21,22 or disorganized 

aggregates of BiFeO3 particles 4,18, there are only a few reports of well-organized 

aggregates of faceted sub-units  5,7,19, like those that we grow ((. 5.2b). These oriented 

aggregates are suggestive of an oriented-attachment growth mechanism, as suggested 

by others, [5,18] in which pre-formed crystalline or amorphous clusters come together 

during growth 23.  By removing the soluble ions, the crystallographic fidelity of this 
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aggregation is improved, hinting at an important role for the solution chemistry in 

directing the growth. Further studies are required to understand how washing away the 

soluble ions in the intermediate product affects the orientation of the subunits with 

respect to one another within the BiFeO3 aggregates. These unique architectures of 

nanostructured BiFeO3 will allow us to access physical (magnetoelectric, 

photocatalytic, photovoltaic, etc.) properties that may not be accessible with bulk or 

thin film BiFeO3 
6. 

5.6 Conclusion 

Hydrothermal synthesis was used to grow phase-pure BiFeO3 and Bi2Fe4O9 

crystals. Phase-pure Bi2Fe4O9 is formed using 10 mM Bi3+ and Fe3+, 6 M KOH and no 

room temperature reaction time. Phase-pure BiFeO3 is formed using 100 mM Bi3+ and 

Fe3+, 9 M KOH and a 12-48 hour room temperature reaction. To understand the role of 

the room temperature reaction time, we investigated the intermediate products formed 

with and without the room temperature reaction. During the room temperature 

reaction, Bi25FeO40 forms and upon furnace treatment forms BiFeO3. The BiFeO3 

crystals formed are aggregates of faceted subunits. When the soluble ions in the 

intermediate product are removed by washing, the size of the aggregate and of the 

faceted subunits both shrink by a factor of 2-3 and the subunits appear more oriented 

with respect to one another. Further studies will investigate how the Bi25FeO40 

transforms to BiFeO3 as well as how the aggregates of faceted subunits form. With the 

improved understanding of how to control the selective growth of phase-pure BiFeO3 

or Bi2Fe4O9, our work can be expanded to further develop synthesis-morphology 

relations for bismuth ferrites or other complex oxides. Our development of a tunable 



149 

 

growth of oriented aggregates of BiFeO3 allows for us to begin to explore the 

multiferroic properties of BiFeO3 with complex morphologies.  
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5.8 Supporting Information 

 

  

Figure 5.S1. Scanning electron micrograph of phase-pure Bi2Fe4O9 formed by the 

10mM/0hr reaction conditions. 
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Figure 5.S2. Powder x-ray diffraction patterns of (a) 100mM/48hr with 6 M KOH 

and (b) 10mM/0hr with 9 M KOH, both of which form majority BiFeO3, but both 

contain impurity phases. PDF#00-020-0169 of BiFeO3 shown for reference. 
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Figure 5.S3. Powder x-ray diffraction patterns of (a) phase-pure BiFeO3 grown 

following the 100mM/48hr reaction conditions, (b) phase-pure BiFeO3 grown 

following 100mM/48hr with the soluble ions in the intermediate products removed. 

(c) PDF#00-020-0169 of BiFeO3 shown for reference.  
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CHAPTER 6 

CONCLUSIONS 

 

This thesis begins to make the critical connections between the complex 

crystalline architectures we can achieve using bio-inspired crystal growth and the 

effect of that these new types of structuring can have on electromagnetic properties. 

To do this, throughout this thesis, we apply a physics-based perspective to the field of 

bio-inspired crystal growth. In doing so, we expand upon current understanding of 

how new types of complex crystalline architectures, like composite single crystals can 

be synthesized. (Chapters 2) We then apply this understanding to begin to develop a 

generalizable method for composite semiconductor/plasmonic nanoparticle nanorod 

growth (Chapter 3) We also utilize our physics-based perspective to develop a model 

for how a different type of complex crystalline architecture, that of the mosaic crystal, 

changes the magnetic interactions of a material. (Chapter 4) To further test our model 

for the magnetic interactions in mosaic crystals, we synthesized bismuth ferrite and 

studied its growth pathways, with the goal of growing other types of magnetic mosaic 

crystals. (Chapter 5) In addition to measuring the magnetic properties of bismuth 

ferrite crystals, we also measured the magnetic properties of a variety of other 

(possible) mosaic crystal materials (Appendix 1). 

In Chapter 2, we proposed a theoretical framework for the forces at play in the 

creation of single crystal composites, focusing on particle incorporation into crystals. 

In short, the crystallization pressure provides a large repulsive force that prevents 

impurities from incorporating into the crystal. To create single crystal composites, we 
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must introduce additional forces to counter this repulsive force. Packing particles 

together or loading them into a template generates normal forces that can been used to 

oppose the crystallization pressure. Alternatively, attractive intermolecular forces can 

be introduced to overcome the repulsive crystallization pressure. We shed light on 

these complex intermolecular interactions, by framing the way they depend on the 

crystal surface, particle surface and solution chemistry. Our hope is that this 

framework will give synthetic chemists and materials scientists new perspectives in 

the design of new functional composite materials.   

In Chapter 3, we present the beginnings of a generalizable method for 

composite nanorod growth. Our approach uses physical confinement to trap arrays of 

nanoparticles within the pores of track-etched membranes. Then, borrowing concepts 

from Chapter 4, when we grow crystalline materials in the membrane pores, the 

particle-particle and particle-membrane pore normal forces oppose the crystallization 

pressure, allowing for the encapsulation of many nanoparticles into a single crystalline 

nanorod. This approach had been applied successfully by a previous group member to 

form Cu2O nanorods with entrapped Au nanoparticles.1  In this chapter, we determine 

the growth mechanism of the Cu2O in the confinement of the track-etched membrane 

pores and find that the Cu2O nanorods form by overgrowth off of bulk crystals. We 

then apply our understanding of the nanorod growth mechanism to grow ZnO 

nanorods that can also entrap arrays of Au nanoparticles. While further work is needed 

to determine the mechanism by which the nanoparticles get stuck during loading into 

the pores, we did discover a way to tune their dispersion within the nanorod. In our 

normal synthesis, we largely formed Cu2O nanorods with “plugs” of Au nanoparticles 
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that are localized within one region of the nanorod. However, by introducing a 

prolonged degas step into our synthesis, we can form composite nanorods with 

dispersed chains of nanoparticles incorporated throughout the length of the nanorod. 

This work represents the first steps towards a versatile method whereby many new 

nanoparticle/nanorod pairings can be created.  

Future work should continue to grow more nanorod materials in the membrane 

pores. Specifically, I believe our approach would be simpler if we moved to 

conventional solution growth methods, rather than vapor diffusion growth, which adds 

another level of complexity to the growth. Given the wealth of published low 

temperature syntheses for micrometer-sized solution growth crystals, we should be 

able to grow a large number of nanorod materials. With our own group’s knowledge 

of conventional zinc oxide solution growth, that would be a rational material to start 

out with. Another alternative to vapor diffusion growth is to electrodeposit nanorod 

materials into the membrane pores. Electrodeposition has been successful in 

generating single crystal composites of ZnO or Cu2O with incorporated polymer 

particle packings.2   

In order to both increase our efficiency of loading membrane pores with Au 

nanoparticles and to expand to other nanoparticle materials, we need a better grasp on 

the ways that concentration, flow rate and solution chemistry (ionic strength and 

specific ion effects) can aid in clogging pores with particles. Finally, we need a better 

understanding of the intermolecular forces that allow for the reorganization of 

nanoparticles during the degas step. We hypothesized that during degassing the 

particles may become electrostatically stabilized rather than physically packed 
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together. If that is indeed the case, then we may need to modify our understanding of 

the types of forces that can oppose the crystallization pressure as we would no longer 

have traditional normal forces at play.  

A long term goal for this work is to change the template for our physical 

confinement-based approach for composite growth from a track-etched polycarbonate 

membrane to an anodic aluminum oxide (AAO) membrane. AAO membranes can be 

easily synthesized in the lab to achieve regular pore densities with tunable pore 

diameters. Switching to AAO membranes gives us additional temperature stability that 

will allow us to grow a much wider range of nanorod materials. Finally, commercial 

polycarbonate membranes are functionalized with secretive proprietary coatings which 

makes getting a complete picture of the forces involved in crystal growth challenging.  

In Chapter 4, we present the mosaic anisotropy model for the magnetic 

interactions in one type of mesostructured crystalline architecture, the mosaic crystal, 

which is composed of highly oriented grains separated by small angle grain 

boundaries. We predict that mosaic crystals will be harder magnets, meaning they 

have a larger remnant to saturation magnetization ratio (Mr/Ms) and a larger coercive 

field (Hc), than single crystals or polycrystals. The alignment of the grains in the 

mosaic crystal should allow for an enhancement of Mr/Ms compared to single crystals 

or polycrystals, as predicted by studies of textured magnetic materials. Usually this 

alignment of the grains also causes a decrease in Hc due to exchange coupling between 

the grains. However, in the mosaic crystal, the presence of small angle grain 

boundaries between grains allows the grains to be aligned without coupling to one 

another. Therefore, we predict the mosaic crystals should be harder magnets with 
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larger Mr/Ms and Hc than single crystals or polycrystals. We validate the hypotheses of 

our model using a series of hematite (α-Fe2O3) samples. We synthesized and then 

measured the magnetic properties of hematite single crystals*, mosaic crystals, 

polycrystals and nanoparticles and found that the mosaic crystals had the largest 

Mr/Ms and Hc. (*For the single crystal, we used data from the literature.) 

Future work should test the applicability of the mosaic anisotropy model for 

other mosaic crystal systems. The two major challenges to advancing this work are 1) 

our limited ability to characterize the mosaicity of samples and 2) the complexity of 

magnetic interactions in nanostructured materials.  

The characterization of mosaicity, defined as the degree of misorientation 

between grains, of micron-sized particles with nanometric grains is difficult as it 

requires careful tracking of the crystallographic orientation within individual particles. 

To obtain such information, Dr. Asenath-Smith, a previous member of the Estroff 

group, developed a new method involving sectioning and TEM imaging and 

diffraction of individual particles with known geometric orientation.3 Only with this 

detailed internal structural characterization could we determine with certainty the net 

crystallographic orientation of the hematite lattice across each mosaic crystal and the 

degree of crystallographic misorientation between the grains. Unfortunately, both the 

experimental methods and the interpretation of this data are extremely time 

consuming, so this is not the kind of routine characterization we would perform on 

every sample. For larger mosaic crystals with larger grain sizes, it is possible that x-

ray diffraction with a narrow beam size could obtain similar information about the net 

orientation and mosaicity of other potential mosaic crystal materials. Though Dr. 
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Asenath-Smith synthesized a variety of hematite mosaic crystals during her tenure in 

the Estroff group, she only characterized the mosaicity of two different growth 

conditions, one solution-grown and one gel-grown. 4 The other growth conditions also 

produce variations to the mosaic crystals we measure in Chapter 4, and from their 

outward appearance, they seem to have different grain sizes. However, we cannot say 

for certain that they are mosaic crystals and we have no knowledge of the degree of 

misorientation between them. If we could synthesize and characterize a series of 

mosaic crystals with varying degrees of misorientation, we might be able to further 

refine the mosaic anisotropy model. Currently, the mosaic anisotropy model suggests 

that there is a “sweet spot” for the degree of misorientation between grains that allows 

both Mr/Ms and Hc to be enhanced. A set of samples with varying mosaicities could 

allow us to measure the trade-off between enhanced Mr/Ms due to grain alignment and 

decreased Hc due to exchange coupling.  

We do have information about the net crystallographic orientation and 

mosaicity of the gel-grown hematite mosaic crystals, which we call quasi-spheres due 

to their unique shape. Even with this structural information, the magnetic properties of 

the quasi-spheres are not well-described by the predictions of the mosaic anisotropy 

model. Due to the complexity of magnetic interactions in nanostructured materials, 

there seem to be other factors that dominate the magnetic behavior of the gel-grown 

mosaic crystals over the interactions between the misoriented grains. Part of the 

complexity of this system comes from the fact that hematite is a highly irregular 

magnetic material with a canted antiferromagnetic ordering.  

Future work, ideally, would grow mosaic crystals of normal ferromagnetic 
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materials, however, this proves challenging. Ferromagnetic materials are pretty much 

exclusively metals or alloys, which cannot be grown using the types of solution 

growth experiments that produce mesostructured crystals. However, some 

“mesocrystals” are made by assembling pre-formed, functionalized nanoparticles into 

3D crystalline structures.5–7 This route for the formation of mesostructured crystals 

may yield a greater degree of control over the order between grains. We do not know 

yet, but it is possible that those types of architectures might have magnetic properties 

well described by the mosaic anisotropy model. Although magnetic interactions are 

long range, the presence of organic stabilizers at the particle interfaces may play a role 

in (and actually may impede) the exchange coupling between grains. One caveat of 

using ordered superstructures of nanoparticles is that typically the sizes of 

nanoparticles are typically so small that the magnetic properties of the particles may 

be superparamagnetic instead of ferromagnetic.   

Another possibility is to grow ferrimagnetic oxide materials, which have 

magnetic properties that are more complex than those of the normal ferromagnets, but 

more straightforward than those of hematite and other canted antiferromagnets. 

Additionally, some of our knowledge for low to moderate temperature solution crystal 

growth could be applicable to the growth of these oxide materials. It may take a 

significant amount of optimization to the synthesis to achieve mosaic crystal 

architectures.  

In Chapter 5, we characterize the growth pathways for the formation of two 

different bismuth ferrite phases. We found that to form phase-pure samples of BiFeO3, 

high salt concentrations and a prolonged, pre-furnace, room temperature reaction were 
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required. Without the room temperature reaction step and at low salt concentrations, 

we form phase-pure samples of Bi2Fe4O9. By studying the intermediate products 

formed after the mixing of reagents as well as after the prolonged room temperature 

reaction, we can gain insight into why these different growth conditions lead to 

different final products. We find that a purely amorphous intermediate product later 

forms Bi2Fe4O9, while crystalline Bi25FeO40 was present in the intermediate product 

that later forms BiFeO3. Interestingly, the BiFeO3 crystals form as aggregates of 

faceted subunits, which may or may not be oriented, but it is suggestive of the 

possibility of mosaic crystal order. 

Future work would need to develop a methodology to characterize the 

(potential) mosaicity of these BiFeO3 crystals. Our experiments varying the presence 

or absence of specific spectator ions in solution seemed to suggest that we have some 

control over the externally apparent degree of order in the crystals. Given the larger 

size of these crystals, x-ray diffraction=based techniques may be suitable. We did 

perform some preliminary experiments to determine mosaicity at CHESS in 2017, 

however, the data has not been analyzed. At first look, it seemed problematic to 

deconvolute the effects of grain size from the apparent misorientation of the grains in 

our different BiFeO3 samples.  

In conclusion, the field of bio-inspired crystal growth has developed a wealth 

of synthetic strategies that can produce some highly unique and unusual crystalline 

structures. While many of these strategies have been used to produce materials with 

functional properties, often there are no measurements made or even if there are, the 

analysis can be superficial. More cross-disciplinary communication and research is 
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needed for real progress to occur. 
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APPENDIX 1 

MAGNETIC PROPERTIES OF OTHER MOSAIC CRYSTAL SYSTEMS 

A.1 Introduction  

 In Chapter 4, we proposed the mosaic anisotropy (MA) model to describe the 

magnetic interactions in mosaic crystals.1 Briefly, the alignment of grains increases the 

remnant to saturation magnetization ratio (Mr/Ms) because exchange interactions 

between neighboring grains keep their magnetic moments aligned even in the absence 

of a magnetic field. .2–11 This increase in exchange interactions can also lead to a 

decrease in the coercive field (Hc) of the magnet, as once one grain flips its 

magnetization, all the neighboring grains will be quick to follow. 8,9,18,10–17 To increase 

Hc, we need to introduce some barriers to fast propagation of magnetization reversal. 

2,6 Therefore, the MA model predicts that the alignment of crystalline grains in the 

mosaic crystal and the presence of small angle grain boundaries that separate those 

grains together can yield larger Mr/Ms and larger Hc than for single crystals and 

polycrystals.   

 In Chapter 4, we additionally tested the hypotheses of the MA for a series of 

hematite (α-Fe2O3) samples. We compared the magnetic properties single crystals, 

mosaic crystals, polycrystals and nanoparticles of hematite and found that the mosaic 

crystals indeed have the highest Mr/Ms and  Hc than any of the other samples. To 

broaden the applicability of the MA model, here we explore the generalizability and 

the limitations of the model.  

A.2 Refining the MA model – The effect of varying mosaicity 
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 To refine the MA model, we need to explore the behavior of mosaic crystal 

samples with different degrees of misorientation between the neighboring grains (also 

called the mosaicity). Currently the MA model suggestions that more misorientation 

between grains (more polycrystal-like) may decrease Mr/Ms while increasing Hc and 

less misorientation between grains (more single crystal-like) may increase Mr/Ms 

while decreasing Hc. A series of samples with varying mosaicities will allow us to 

measure this trade-off and identify the ideal misorientation spread where both Mr/Ms 

and Hc are highest.  

 Characterizing the mosaicity of micron-sized crystals with nanoscale grains is 

a great challenge. Previous work from our group developed methods to use a focused 

ion beam to create thin sections of known geometric orientation from within single 

mosaic crystals.19 When these thin sections are imaged in a TEM and electron 

diffraction is performed, we can learn the net crystallographic orientation across the 

mosaic crystal as well as the mosaicity of the sample. Due to the time intensive nature 

of the sample preparation, data collection and analysis, we only have mosaicity data 

for two different types of hematite mosaic crystals, a solution-grown pseudocube 

sample and a gel-grown quasisphere sample.19,20 However, we know that varying other 

aspects of the hematite mosaic crystal growth, like the [Fe3+] or the amount of Si in the 

growth environment (determined by whether a PTFE or borosilicate glass growth 

vessel is used), change the “apparent mosaicity.” Thee apparent order of the grains at 

the surface is a poor proxy for the internal order, so here we only present data for 

hematite samples that we know something about their mosaicity.  
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A.2.1. Gel-grown mosaic crystals (quasispheres)  

 We first consider the magnetic properties of the one other hematite mosaic 

crystal for which we do know the mosacitiy, the gel-grown quasi-sphere. (Fig A.1a) 

When hematite mosaic crystals form in a silica hydrogel, their growth is modified 

across many length scales.20 For example, silicon from the hydrogel incorporates into 

the hematite lattice as interstitial Si. The incorporation of Si causes the individual 

grains of the gel-grown mosaic crystal to become elongated along the [110] hematite 

axis, whereas they are slightly elongated along the [001] for the solution-grown 

mosaic crystal. These elongated [110]-oriented grains then pack radially to ultimately 

form the quasisphere shape. (Fig. A.1c) When the quasispheres are sectioned and 

electron diffraction performed, we again see a single crystal-like diffraction pattern 

from which we can calculate the mosaicity of 1.9-6.6°, depending on the 

crystallographic plane. (Fig. A.1b, inset) For reference, the mosaicity for the 

pseudocubes studied in Chapter 4 was 4.3-12.8°.19 

 Field-dependent magnetization measurements of the quasispheres show a 

hysteresis loop that is constricted near zero field, which is known as a wasp-waisted 

hysteresis loop. The quasisphere has Mr = 0.21 emu/g and Hc = 61 Oe. (Fig. A.1c) 

Temperature-dependent magnetization measurements reveal no change in the 

magnetization down to 2K. (Fig. A.1d)  
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Figure A1. (a) SEM of gel-grown mosaic crystals that form spherical particles with 

flat tops and bottoms, hence we call them quasispheres (b) Bright field TEM and 

electron diffraction (inset) of a thin slice from a known orientation within the 

quasisphere reveals a single crystal-like diffraction pattern, from which mosaicity can 

be calculated. (c) Schematic for the crystallographic arrangement of grains elongated 

along the b axis, which form the quasisphere mosaic crystal. Reprinted (adapted) with 

permission from Asenath-Smith, E.; Hovden, R.; Kourkoutis, L. F.; Estroff, L. A. 

Hierarchically Structured Hematite Architectures Achieved by Growth in a Silica 

Hydrogel. J. Am. Chem. Soc. 2015, 137 (15), 5184–5192.. Copyright 2015 American 

Chemical Society. (d) Field-dependent magnetization measurements at 300K and 2K  

show a wasp-waisted hysteresis loop at both temperatures, meaning the hysteresis loop 

looks constricted near the origin. (e) Temperature-dependent magnetization 

measurements show that the Morin transition is completely suppressed in the 

quasispheres. 
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 Overall, we still do not know how to interpret the magnetic properties of the 

gel-grown quasispheres of hematite. The one element of the MA model that seems 

consistent with our measurement of the magnetic properties of the quasispheres is that 

we see a smaller amount of misalignment (lower mosaicity) as well as a much smaller 

coercive field than for the pseudocubes (Table A.1).  

 There are many features of the quasisphere magnetic behavior we do not 

understand. For example, the magnitude of the magnetic moment for the gel-grown 

quasispheres is an order of magnitude lower than that of the solution-grown 

pseudocubes.   Wasp-waisted hysteresis loops have been seen for nanostructured 

mixed hard-soft systems.14,21 We do not know if we see wasp-waisted behavior for 

these same reasons and if so, we do not quite know what the two “components” are. 

We can posit several possible explanations for why the crystallographic order of the 

quasispheres differs so significantly from that of the pseudocubes. Magnetic properties 

are highly sensitive to shape anisotropy, such that magnetic moments often prefer to 

align with the longer direction.22 Additionally, the crystallographic orientation along 

which the grains of the pseudocubes and quasispheres are elongated are different, 

[001] and [110] respectively. In bulk hematite, due to the canted antiferromagnetic 

order, the net magnetic moment points along the [001] crystallographic direction, 

known as the easy axis. Therefore, we hypothesize that there is some competition 

between the magnetic moments that want to align with the elongated axis of the grains 

[110] and the magnetic moments that want to align with the easy axis [001]. This 

competition could contribute both to the overall reduced net magnetization due to 
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cancellation and could also possibly explain the two “components” we see in the 

wasp-waisted hysteresis loop.    

A.1.2.2 Acid-etched, gel-grown mosaic crystals 

Additionally, as part of her study to understand their growth, Dr. Asenath-Smith 

performed etching experiments, where pseudocubes or quasispheres were immersed in 

a dilute acid (HCl) solution and gently spun on a rotating agitator for one month.20 

Gentle etching in an acidic solution is presumed to preferentially dissolve the more 

soluble, less stable regions of the crystal, so in the case of mosaic crystals, we assume 

that the small angle grain boundary areas dissolve preferentially. After one month, the 

quasispheres have become porous, though they have not lost their single-crystal like 

nature (Fig. A.2a,b). The pseudocubes were exposed to identical etching conditions, 

but there was very little change to their appearance (not shown). 

We measure the field- and temperature-dependent magnetic properties of the acid-

etched quasispheres and see dramatically different hysteresis behavior (Fig. A.2c). The 

hysteresis loop is no longer wasp-waisted and it is much squarer in shape. The 

coercivity of the acid-etched quasispheres is 5.2 kOe, which is not only an order of 

magnitude larger than the as-grown quasispheres, but it is also larger than that of the 

solution grown pseudocubes (Table A.1)  

Upon etching, the remnant magnetization of the quasisphere sample decreases by an 

order of magnitude (from 0.21 to 0.04 emu/g). We do not calculate Mr/Ms ratios for 

the quasisphere samples because when we follow our method described in Ch. 4 for 

calculating the antiferromagnetic susceptibility of the sample, we find a value for the  
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Figure A1.2 (a) SEM of acid-etched gel-grown mosaic crystals reveals that selective 

etching has caused porosity. (b) TEM of the acid-etched, gel-grown crystal also 

reveals the extent of the etching, but electron diffraction (inset) shows that it is still 

single crystal-like. Reprinted (adapted) with permission from Asenath-Smith, E.; 

Hovden, R.; Kourkoutis, L. F.; Estroff, L. A. Hierarchically Structured Hematite 

Architectures Achieved by Growth in a Silica Hydrogel. J. Am. Chem. Soc. 2015, 137 

(15), 5184–5192.. Copyright 2015 American Chemical Society. (c) Field-dependent 

magnetization measurements at 300K and 2K reveal an open hysteresis loop that is 

distinctly different from that of the un-etched gel-grown mosaic crystals (Fig A1.1d). 
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quasispheres that differs from that of “normal” hematite and instead is more similar to 

that of nanoparticle hematite (Table 4.S1). We can’t compare the unnormalized 

remnant magnetization values between the samples, so we don’t have any good 

explanation for the small value of Mr for the acid-etched quasispheres compared to the 

as-grown crystals. 

We have not calculated the mosaicity of the acid-etched quasispheres, but we 

would presume that the degree of misorientation between grains does not change 

during etching. What has changed is the nature of the interaction between those grains. 

It could be that by removing the small angle grain boundaries of the quasisphere 

mosaic crystal we impeded the exchange coupling between the grains and thus 

increased the coercivity. But questions remain about the nature of the grain boundaries 

in the quasispheres that enabled exchange coupling between grains, while the grain 

boundaries in the pseudocubes seem not to. 
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Sample Ms 

(emu/g) 

Mr 

(emu/g) 

Mr/Ms HC 

(kOe) 

Slope in 

the high 

field region 

(emu/g/Oe) 

Pseudocubes 0.280 0.24 0.85 4.3 0.1814 

Gel-grown 

quasispheres 

Not 

calculated 

0.21 Not 

calculated 

0.6 0.1611 

Acid-etched 

gel-grown 

quasispheres 

Not 

calculated 

0.04 Not 

calculated 

5.2 0.1631 

  

  

Table A.1. Magnetism data for other mosaic crystals of hematite 
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