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ABSTRACT 

Liquid-phase exfoliation (LPE) is a straightforward and scalable method of 

producing two-dimensional nanomaterials. The LPE process has typical been applied to 

layered van der Waals (vdW) solids, such as graphite and transition metal 

dichalcogenides, which have layers held together by weak van der Waals interactions. 

However, recent research has shown that solids with stronger bonds and non-layered 

structures can be converted to solution-stabilized nanosheets via LPE, some of which 

have shown to have interesting optical, magnetic, and photocatalytic properties. In this 

work, two classes of non-vdW solids – hexagonal metal diborides and boron carbide – 

are investigated for their morphological features, their chemical and crystallographic 

compositions, and their solvent preference for exfoliation. Spectroscopic and microscopic 

techniques are used to verify the composition and crystal structure of metal diboride 

nanosheets. Their application as mechanical fillers is demonstrated by incorporation into 

polymer nanocomposite films of polyvinyl alcohol and by successful integration into 

liquid photocurable 3D printing resins. Application of Hansen solubility theory to two 

metal diboride compositions enables extrapolation of their affinities for certain solvents 

and is also used to find solvent blends suitable for the nanosheets. Boron carbide 

nanosheets are examined for their size and thickness and their exfoliation planes are 

computationally analyzed and experimentally investigated using high-resolution 

transmission electron microscopy. The resulting analyses indicate that the exfoliation of 

boron carbide leads to multiple observed exfoliation planes upon LPE processing. 

Overall, these studies provide insight into the production and applications of LPE-
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produced nanosheets derived from non-vdW solids and suggest their potential application 

as mechanical fillers in polymer nanocomposites. 
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Chapter 1 

Introduction 

1.1 Introduction to Nanomaterials 

The field of nanotechnology has seen vast advances in the past several decades, as 

new technologies and fascinating physics have been strong motivators for the work done 

on nanoscale materials. As the name implies, the fields of nanoscience and 

nanotechnology concern materials and phenomena at nanoscale dimensions, or sizes at 

approximately one billionth of a meter. Nanomaterials are often broadly classified based 

on their dimensionality at such length scales resulting in three groups: zero-dimensional 

(0D), one-dimensional (1D), and two-dimensional (2D) nanomaterials. 0D nanomaterials, 

which are nanosized in all dimensions, are usually referred to as nanoparticles, of which 

noble metal nanoparticles such as gold and silver are prominent examples.1–3 1D 

nanomaterials possess structures with one dimension larger than nanoscale. Various 

compositions of nanorods and more notably carbon nanotubes are common examples of 

1D nanomaterials.4 2D nanomaterials are essentially films or sheets with nanoscale 

thickness, with some examples being only one atom thick.  

1.2 2D Nanomaterials and Methods of Synthesis 

Since the often-lauded experimental isolation and characterization of graphene, a 

single atomic-layer of graphite, in 2004, 2D nanomaterials have become a major area in 

nanoscience research.5 After graphene, countless other material compositions have been 

produced in their two-dimensional form, allowing researchers to harness the exciting 
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potential of 2D nanomaterials for both fundamental research and practical applications.6 

Broadly speaking, there are two main categories of 2D nanomaterial synthesis: bottom-up 

growth approaches and top-down exfoliation approaches. Bottom-up growth approaches 

typically refer to methods involving precursor molecules reacting to synthesize 

nanosheets via layer-by-layer growth. In chemical vapor deposition (CVD), which is 

schematically represented as an example of a bottom-up approach in Figure 1.1a, gas 

molecules flow through a tube furnace and react to form a 2D coating on a solid 

substrate.7 In solvothermal synthesis, precursor molecules react within a liquid solution to 

produce colloidal dispersions of nanosheets.8 The other broad category of 2D 

nanomaterial synthesis techniques involves removing, or exfoliating, single layers or 

multiple layers of a material from a bulk powder or crystal using some kind of shearing 

force, as depicted schematically in Figure 1.1b.  

 

Figure 1.1. Methods of 2D nanomaterial synthesis. a) Visual schematic depicting CVD, a 

bottom-up approach for synthesizing 2D nanomaterials, in which gas precursors react to 

form layers on a solid substrate. b) General depiction of the top-down exfoliation process 

for producing 2D nanomaterials, whereby a shearing force cleaves layers of a material 

from a bulk source.  
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Mechanical exfoliation, also referred to as the scotch-tape method, which involves using 

adhesive tape to peel few atomic layers of a material from single-crystal substrates, was 

in fact how graphene was first experimentally isolated.5  

It is worth noting that of the approaches mentioned above, CVD and mechanical 

exfoliation are two of the most common methods of 2D nanomaterial synthesis, as they 

tend to yield samples of excellent quality in terms of cleanliness, thickness (very thin), 

and purity. These features make CVD-grown and mechanically exfoliated 2D 

nanomaterials well suited for applications in electronic devices and quantum physics 

applications, where precision at low length-scales is a necessity.7,9 However, these 

techniques suffer from scalability issues and often require many optimization steps to 

produce desired samples.10  

1.3 Liquid-Phase Exfoliation (LPE) 

Alternatively, another common top-down exfoliation technique used for 

producing 2D nanomaterials is called liquid-phase exfoliation (LPE). It involves mixing a 

bulk powder with a suitable solvent, surfactant, or polymer solution and subjecting the 

mixture to bath or tip sonication treatment. The shear forces generated by acoustic 

cavitation are able to overcome the interlayer bonding within certain layered solids, 

resulting in the exfoliation of monolayer or multilayer sheets which are than stabilized 

from aggregation by preferential interaction with the surrounding liquid medium. A 

schematic of the LPE process is depicted in Figure 1.2.  
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Figure 1.2 Liquid-phase exfoliation process. A bulk solid powder is mixed with a suitable 

solvent or surfactant and treated with either tip or bath-mediated sonication, which results 

in acoustic cavitation that provides enough energy to shear the bulk solid into thinner 

forms. The solvent or surfactant then interacts with the thinner nanomaterials to passivate 

the higher energy surfaces, thus preventing reaggregation. 

 

The LPE process is capable of producing 2D nanomaterials in greater quantities 

and at a much faster rate than CVD or mechanical exfoliation.11 However, LPE generally 

yields polydisperse samples of variable thickness and lateral size, and the issue of 

residual liquid media, whether organic solvent or water, poses significant obstacles for 

the effective application of such nanomaterials in many device applications. There have 

been many efforts towards overcoming some of the above limitations, whether by 

optimizing procedures and methods to more quickly isolate a specific size or thickness 

distribution12–16 or by diversifying the available dispersing media through the use of 

different sonication conditions or solvent blends so that less obstructive solvents can be 

used.17,18 Furthermore, even in spite of its disadvantages, LPE remains a popular 

technique for 2D nanomaterial synthesis due to its ease of use, scalability, and solution-

phase colloidal products, which provide samples particularly apt for acting as fillers in 
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polymer nanocomposites, or as coatings and inks for various electronic and catalytic 

applications.19–21  

1.4 Van der Waals (vdW) 2D Nanomaterials 

Predominantly, LPE has been used to produce colloidal dispersions of 2D 

nanosheets from layered van der Waals (vdW) solids such as graphene, transition metal 

dichalcogenides, and hexagonal boron nitride, the structures of which are depicted in 

Figure 1.3. 
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Figure 1.3 Crystal structures of three common vdW solids processable by LPE into 

stable colloidal dispersions of 2D nanosheets. Individual layers perpendicular to the c-

axis for each material are held together by weak vdW forces, and easily separable by the 

shear forces produced by LPE. 

 

Such materials are structurally comprised of layers held together in one crystallographic 

direction by weak intermolecular forces such as induced dipole, dipole-dipole, and 

hydrogen-bonding, otherwise known as van der Waals interactions, and include a diverse 
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set of chemical compositions, ranging from monoelemental materials to ternary 

compounds.22 As a result of these weak interactions in one crystallographic axis, upon 

exposure to shear forces such as those produced by sonication in solution, these materials 

are preferentially exfoliated along a cleavage plane intersecting successive layers, leading 

to 2D nanomaterials predefined by the bulk materials’ layered structures. VdW solid-

derived nanomaterials produced by LPE have been extensively studied, with research 

efforts focused on the optimization of nanosheet size and thickness distributions and 

methods to more easily analyze their dimensional features,12,13 as well as their exfoliation 

in countless liquid media ranging from single solvents23 and surfactants24 to 

biopolymers25 and even Irish whiskey.26  

1.5 Non-vdW 2D Nanomaterials 

In addition to producing vdW-derived 2D nanomaterials via the LPE process, in 

recent years there has been an increasing amount of interest in generating LPE 2D 

nanomaterials from non-vdW bulk materials. Early efforts in this work came from the 

Ajayan group, who used LPE to produce stable dispersions of 2D nanomaterials from the 

iron ores hematite and ilmenite, and demonstrated their unique magnetic and 

photocatalytic properties.27,28 Another group has shown the successful exfoliation of 

various Earth-abundant materials with non-vdW bulk structures into 2D nanomaterials 

via LPE,29 and the Coleman group very recently demonstrated the LPE processing of the 

mineral pyrite into dispersions of 2D nanosheets.30 As can be imagined, if the ability of a 

bulk solid to be converted to a colloidal solution of 2D nanosheets by simple sonication 

techniques is not limited to having a layered vdW structure, there can be a plethora of 
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potential 2D nanomaterials that can be utilized in nanocomposites, catalysis, coatings, 

and other applications that solution-phase nanomaterials are particularly well fit for. 

Characterization of these materials, including some examples of how these materials can 

be exfoliated, their crystallography, and their preference for specific solvents, is 

paramount to understanding the broader implications of LPE for converting non-vdW 

solids into 2D colloidal nanosheets. Therefore, studies that demonstrate the successful 

exfoliation of new non-vdW solids into 2D nanosheets and characterize their 

morphology, crystal structure, and solution affinities are highly important. 

1.6 Metal Diborides: Structure, Applications, and Solution-Phase Processing 

 Metal diborides represent a group of ceramic compounds consisting of metal 

atoms sandwiched between layers of boron atoms. They can be grouped broadly by their 

crystal structure, with the hexagonal crystal system, containing members such as 

chromium diboride (CrB2), aluminum diboride (AlB2), and titanium diboride (TiB2) 

garnering a lot of attention over the past decade. Hexagonal metal diborides are 

structurally composed of alternating layers of metal atoms and flat two-dimensional 

graphite-like honeycombs of boron atoms, and the members of this group of metal 

diborides have rather exceptional properties.31 Many possess high mechanical rigidity 

and thermal resistance, and some, such as TiB2, zirconium diboride (ZrB2), and hafnium 

diboride (HfB2), have melting temperatures that exceed 3000°C, earning them the title of 

ultra-high temperature ceramics.32 Magnesium diboride (MgB2) claimed massive 

attention from the superconductivity community when it was revealed in 2001 that it had 

one of the highest critical temperatures (Tc) of a binary inorganic compound at 39K.33  
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 The metal diborides are not vdW solids like those shown in Figure 1.3. As 

schematically shown in Figure 1.4, they possess strong interplane bonding, but the 

metal-boron (M-B) bonds present along the c-axis are not comprised of weak vdW 

forces, but instead varying fractions of covalent and ionic bonding, which are 

significantly stronger.34 MgB2 possesses M-B bonds with the most ionic character, which 

partially explains why it has been the most studied with regards to the solution-phase 

production of 2D nanosheets, but although much work has shown the synthesis of MgB2-

derived nanosheets, a majority of that work has involved chemical pretreatment or the 

reaction of MgB2 with the dispersing media, instead of direct exfoliation.35–39 

Additionally, metal diborides have shown promise for their potential use as 

electrocatalysts in the hydrogen evolution reaction and the electroreduction of CO2.
40–42 

 

Figure 1.4 Visualizing van der Waals and boron-based non-van der Waals structures. 

Crystal structure diagrams viewed parallel to the a-axis of a vdW material (graphite), and 

two non-vdW materials (metal diborides and boron carbide) showing the dominant 

bonding within the materials. 

 

More recent efforts have shown the direct exfoliation of TiB2 in water and acetonitrile, as 

well as a co-solvent mixture of isopropanol and water.43,44 However, many of the metal 
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diborides have not been explored for their ability to be directly exfoliated in solvents, and 

some of their potential applications such as in polymer nanocomposites and their 

production using various solvents remains to be explored. 

1.7 Boron Carbide 

 Boron carbide (B4C) is perhaps best known as the third hardest material on Earth 

behind diamond and cubic boron nitride. It possesses a peculiar crystal structure 

composed of predominantly boron icosahedra interspersed with 3-atom chains made of a 

mix of carbon and boron atoms.45 The exact atomic composition of the icosahedra and 

the 3-atom chains has been a topic of much debate, though experimental evidence 

supports the idea that carbon atoms are present in the icosahedra and the atomic makeup 

of the 3-atom chain is a boron atom bound between two carbon atoms.45,46 The bonding 

in B4C, as well as its crystal structure, is a highly studied and contested subject. What are 

widely agreed upon however, are its exceptional properties, such as its aforementioned 

hardness, high temperature resistance, high Seebeck coefficient, and high neutron 

absorption coefficient.45  

Like the metal diborides introduced in the previous section, B4C does not have a 

vdW-structure (Figure 1.4), and instead its icosahedra and 3-atom chains are held 

together internally and externally by strong covalent bonds. The non-layered structure of 

boron carbide and strong bonding in many different directions make it an even more 

interesting material to investigate with regards to exfoliation, for unlike metal diborides 

which have weaker bonding along the c-axis, boron carbide presents the possibility of 

exfoliation along multiple possible crystallographic orientations. B4C has been 
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synthesized at the nanoscale, but predominantly through bottom-up growth methods or 

through high-temperature combustion and oxygen etching methods.47,48 Recently, B4C 

nanosheets have been produced via a direct LPE process, but their size and thickness, 

morphology, and preferred crystallographic cleavage orientation were not thoroughly 

investigated, leaving important questions about the exfoliation of B4C via LPE largely 

unanswered.49 

1.8 Characterization of LPE 2D Nanomaterials 

 In order to investigate the potential for new non-vdW solids such as the metal 

diborides and boron carbide to be processed into nanosheets via LPE, it is important to 

have a solid understanding of the characteristics of the nanomaterials that are typically 

analyzed as well as the general methodology used to analyze them.  

The size and morphology of 2D nanomaterials are often studied features for LPE-

processed nanosheets, and are usually analyzed through a combination of electron and 

surface probe microscopy techniques. As stated above, the products of LPE are colloidal 

dispersions of 2D nanosheets, so in order to characterize their size and morphology, as 

well as other structural features, in most cases the nanosheets must first be deposited onto 

a solid substrate. Typically, the dispersions containing the nanomaterials can simply be 

drop-casted or spin-coated onto carbon grids in the case of transmission electron 

microscopy (TEM) and various cleaned metal or semi-metal oxide substrates for atomic 

force microscopy (AFM). 
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 TEM allows for the fast assessment of nanosheet morphology by exposing the 

nanosheets deposited on a small disk to high-energy electrons and allowing for the 

visualization of how the nanosheets cause the electrons to scatter. A nanosheet will 

appear as a darker object relative to the background in a processed image because the 

electrons that interacted with it are prevented from interacting with a luminescent 

phosphor screen located below the sample, which unobstructed electrons cause to 

brighten. Because the number of electrons scattered depends heavily on the thickness of 

the nanosheet, TEM analysis can provide information on the shape and relative thickness 

of 2D nanosheets. However, surface features on the nanosheets cannot easily be 

ascertained by TEM, and the thickness, although it can be qualitatively compared to the 

surrounding environment, cannot actually be quantified via TEM. To better understand 

the surface topology of LPE-processed nanosheets and measure their thickness, AFM is 

used. AFM involves using a small probe to scan across the surface of the nanosheets, 

which is able to generate height profiles and generate a topographical image of the 

surface of the nanosheets. Surface features and quantitative thickness measurements can 

thus be obtained from AFM analysis. TEM and AFM, through the analysis of many 

flakes’ size and thickness measurements across multiple images, allow for estimating size 

distributions of LPE-processed nanosheets, which are useful in comparing the exfoliation 

products between compositions, processing conditions, and liquid environments (i.e. 

different solvents, surfactants, and polymers). 

 Concentrations of nanosheets within LPE dispersions can be determined by 

optical extinction spectroscopy as long as a correlation between optical scattering and 
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concentration has been established. With other nanomaterials, to obtain actual mass per 

volume concentrations, nanomaterial dispersions in pre-measured volumes are deposited 

onto thin-film membranes via vacuum filtration, and the amount deposited is weighed.50 

If done with multiple starting solutions of increasingly diluted concentrations, an 

extinction coefficient can be calculated from the relationship between measured optical 

extinction at a given wavelength and the mass/volume measured via the vacuum-filtered 

films. Alternatively, if the nanomaterial composition contains a metal, the mass per 

volume concentrations can then be determined using inductively-coupled plasma mass 

spectrometry (ICP-MS), which can measure the concentrations of metal atoms within a 

solution. The extinction coefficient of a given nanomaterial dispersion can then be 

evaluated from a plot of optical extinction versus metal atom concentration based on ICP-

MS data. Such extinction coefficients are useful because they allow for estimating the 

concentration of nanosheets in a particular dispersion through relatively fast experiments 

using techniques such as ultraviolet-visible-near-infrared (UV-Vis-NIR) spectroscopy, 

which is helpful when needing to compare concentrations across a large number of 

samples.  

 Apart from morphology and concentration, the other important features of LPE 

processed 2D nanomaterials are their structural characteristics, or crystallographic and 

chemical compositions, which can be investigated using a combination of techniques 

including high-resolution transmission electron microscopy (HRTEM), energy dispersive 

x-ray spectroscopy (EDX), and electron energy loss spectroscopy (EELS). HRTEM, a 

more powerful form of TEM, is able to construct images based on the interference of 
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electrons after scattering with a nanosheet sample, allowing for visualization of 

crystallographic planes on a particular nanosheet. The orientation of the observed planes, 

as well as their d-spacings, can then be compared to previously reported data in various 

crystallographic or diffraction databases to verify the nanosheet’s crystal structure and 

assign Miller indices to the measured d-spacings. Such analysis can verify that after 

exfoliation the crystal structure of the nanosheet is intact, and in addition can help 

determine the plane through which the bulk material was exfoliated to synthesize the 

nanosheet. EDX allows for the determination of a nanosheet’s elemental composition and 

can be carried out in tandem with HRTEM. Such a technique can verify that the 

suspected elements of the nanosheet are in fact present, though it cannot provide bonding 

information. EELS, by contrast, is a more powerful technique that can determine 

chemical bonding states of specific atoms, and can be used in addition to HRTEM and 

EDX to verify whether or not the examined nanosheet has similar crystal structure, 

elemental composition, and chemical bonds as its bulk counterpart. Additionally, Raman 

spectroscopy can also be used to ascertain the chemical composition of an exfoliated 

nanomaterial, provided the produced nanosheets can be deposited effectively onto a solid 

substrate, large enough to be visible via optical microscopy, and are also Raman active. If 

these requirements are satisfied, Raman spectroscopy can provide a very quick alternative 

to more intensive electron microscopy-based techniques for investigating chemical 

composition. 

 The above analyses can be supplemented by other chemical and crystallographic 

techniques such as Fourier-transform infrared spectroscopy (FTIR) or powder x-ray 
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diffraction (PXRD), as well as morphological characterization techniques such as 

scanning electron microscopy (SEM). However, FTIR and PXRD require large amounts 

of material to produce the powder necessary for measurements, and SEM is often not 

resolved enough to observe individual nanosheets directly for topographical information. 

Even so, these techniques, when the samples allow for generating enough material to be 

converted to powders, along with the techniques mentioned above help to elucidate many 

aspects of LPE-processed 2D nanosheets, and can provide plenty of useful information 

and guidance for future experiments with these exciting nanomaterials. 

1.9 Thesis Purpose and Overview 

 The work presented in this thesis seeks to demonstrate the successful exfoliation 

via LPE of colloidal dispersions of nanosheets from metal diborides and boron carbide, 

both of which are non-vdW solids, as well as characterize their exfoliation behavior and 

structural composition using the techniques described in section 1.8. A brief overview of 

the following chapters is given below. 

 Chapters 2-4 concern the exfoliation of metal diborides, beginning with an initial 

assessment of eight compositions produced by LPE in Chapter 2. Chapter 3 then 

discusses two of the metal diboride compositions studied in Chapter 2 and further 

characterizes their ability to be exfoliated in different solvents, and thus provides some 

insight into their surface chemistry, using Hansen solubility theory. The discussion of the 

metal diborides is concluded in Chapter 4 by showing their successful incorporation into 

more complicated polymer nanocomposites produced via prior mixing with liquid 

photocurable resins used for stereolithography-based 3D printing. 
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 Chapter 5 describes the LPE processing of boron carbide from a more analytical 

perspective than has been undertaken in previous reports. Specifically, the size, thickness, 

and preferential cleavage direction upon exfoliation are explored computationally and 

experimentally. 

 Final thoughts summarizing the experiments along with the implications of this 

work for future research are contained within Chapter 6.  

Appendices A, B, and C contain supplementary information for Chapters 2, 3, and 

5 respectively. Additionally, Appendix D contains a cautionary note on working with the 

materials used in this work for LPE-related projects, and Appendix E provides a 

discussion on water-based LPE of some of the materials included in this work. Finally, 

Appendix F lists researchers who contributed data to this work and verifies their approval 

to incorporate said data in this thesis. 
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Chapter 2 

Liquid-Phase Exfoliation of Quasi-Two-Dimensional Nanosheets of Metal Diborides 

2.1 Introduction 

 Liquid-phase exfoliation (LPE) has become a widespread technique for producing 

colloidal dispersions of 2D nanosheets. Many compositions of 2D nanomaterials have 

been produced via LPE, including graphene,23 transition metal dichalcogenides and 

hexagonal boron nitride,11 and mono-elemental pnictogens,51,52 among many others. LPE 

is a valuable technique due to its ability to generate large quantities of solution-

processable nanomaterials with simple sonication treatments, and the products have 

numerous applications including printable electronics, polymer nanocomposites, and 

catalysis.19–21 

 Although traditionally used to produce 2D nanomaterials from layered van der 

Waals (vdW) solids like graphite and molybdenum disulfide, recently, there have been 

numerous reports of producing 2D nanosheets from non-vdW materials. Through LPE, 

2D nanosheets of the iron-containing ores hematite and ilmenite have been produced, and 

were shown to display photocatalytic properties.27,28 Since then, LPE has been used to 

produce dispersions of nanosheets from titanium metal,53 as well as from earth-abundant 

minerals such as calcium carbonate, lead sulfide, and more recently pyrite.29,30  

Even before the catalog of exfoliable non-vdW solids began steadily expanding, 

2D nanomaterials comprised of boron and boron-containing compounds have been a 

highly researched topic within the nanomaterial community for the past decade. In the 
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same way that the isolation of graphene promised to ignite a plethora of new fundamental 

physics research and technologies, the isolation of a single layer of boron, named 

borophene, became a prized goal. The synthesis of monolayer borophene has indeed been 

successfully reported on silver and gold substrates via bottom-up deposition 

approaches,54,55 and one group even reported the synthesis of borophene via liquid-phase 

exfoliation, showing that it could be used to produce practical sensing devices.56  

Still, apart from pure boron, there remains strong interest in boron-containing 

materials and their ability to be converted into 2D nanostructures with special properties. 

Of particular note is a group of ceramics called metal diborides, many of which share a 

common hexagonal crystal structure consisting of metal atoms sandwiched between two 

graphene-like boron honeycombs,31 and possess a range of exciting properties. Several 

compositions, including hafnium diboride (HfB2) and zirconium diboride (ZrB2), and 

titanium diboride (TiB2) are ultra-high temperature ceramics, meaning that they have 

melting points above 3000°C.32 Additionally, magnesium diboride (MgB2) is a relatively 

high temperature superconductor with a Tc of 39K.33  

Prior research efforts predominantly from the Jasuja group have focused on 

solution-phase processing of boron-based nanomaterials and have often used metal 

diborides as starting materials. In their efforts, they have performed many solution-phase 

experiments with MgB2, treating bulk powders with chelating agents like 

ethylenediaminetetraacetic acid (EDTA),38 strong inorganic acids,37 ionic liquids,36 and 

simply water alone35 to produce colloidal solutions of a variety of boron-based 

nanostructures. They have also shown that TiB2 can be exfoliated in a co-solvent mixture 
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of water and isopropanol as well as individually in acetonitrile (ACN)44 and demonstrated 

the production of freestanding TiB2-derived films by treatment with aqueous hydrogen 

peroxide treatment.57 Another group separately reported the LPE processing of TiB2 

nanosheets in water alone, and demonstrated the nanostructures’ photoluminescent 

properties.43 However, despite prior work with solution-phase processing of metal 

diborides, there has not been a study performed on the broader class of metal diborides to 

evaluate their ability to be exfoliated in simple organic solvents. 

 In this study we report the successful liquid-phase exfoliation of a suite of eight 

metal diboride compositions using simple organic solvents and polymer solutions. An 

initial survey of solvents show that they exhibit quite diverse behavior in terms of 

exfoliation effectiveness, likely due to the variation in bonding character between each 

compound. The produced nanosheets are shown to possess flake-like morphology similar 

to typical vdW solids exfoliated using identical techniques as observed with TEM, with 

lateral sizes ranging from ~50 nm to ~2 μm in lateral dimensions. The thicknesses of 

nanosheets measured with AFM and found to range from around ~5 to ~20 nm. The 

nanosheets of selected compositions were shown to have retained their crystal structures 

and chemical compositions after exfoliation by HRTEM and EELS analyses respectively, 

albeit with slight oxidation evidenced by EDX and FTIR. Finally, we demonstrate the 

practical application of the metal diboride nanosheets by using CrB2 nanosheets dispersed 

in an aqueous polyvinyl alcohol (PVA) solution to prepare nanocomposite polymer films. 

We show that the introduction of CrB2 nanosheet fillers with loadings of up to 0.27% by 

weight can increase the elastic modulus and ultimate tensile strength of the 
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nanocomposite film by 23% and 48% respectively relative to films made of PVA alone. 

This study is meant to galvanize further research into the properties and applications of 

the metal diborides as quasi-2D nanomaterials and in addition to promote investigation 

into other non-vdW solids which may possibly be processed using simple methods like 

LPE in order to generate new and exciting forms of 2D and quasi-2D nanomaterials. 

2.2 Results and Discussion 

2.2.1 Liquid-Phase Exfoliation of Metal Diborides 

 Eight metal diboride compositions were selected to be exfoliated in this work. 

The materials all share the same hexagonal crystal structure as depicted in Figure 2.1a. 

The effect of exfoliation on the bulk metal diboride structures is shown schematically in 

Figure 2.1b. After sonication in specific solvents, the mixtures are centrifuged to remove 

larger aggregates, leaving behind in the supernatant few-layer flakes of metal diboride 

nanosheets. We exfoliated each composition in six different solvents to gauge the 

variation in exfoliation effectiveness between different exfoliation media. Figure 2.1c 

shows vials containing the exfoliated nanosheets of all eight metal diboride compositions 

tested in one of the more effective solvents for each particular metal diboride 

composition. The compositions either exhibit a dark gray, brown, or black color, and 

most (with the exception of MgB2) show relatively featureless optical extinction spectra, 

as depicted in Figure A1a in Appendix A. ICP-MS measurements of each composition’s 

respective metal was used to measure the concentration of dispersed metal diboride 

nanosheets, the results of which are shown in Figure A1.b. Though ICP-MS was utilized 

to extrapolate concentrations of the nanosheets, the concentration of the metal within the 
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dispersion shows a linear correlation with optical extinction, as demonstrated by the 

extinction versus concentration plot in Figure A1.c, where the slope can be used to 

estimate an extinction coefficient for a CrB2 dispersion. The extinction coefficient for 

CrB2 nanosheets is only slightly larger than those reported for other traditional vdW-

derived nanomaterials such as graphene, TMDCs, and hexagonal boron nitride.11,50 
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Figure 2.1 Liquid-phase exfoliation of metal diborides. a) Side and top views of the 

hexagonal crystal structure of the metal diborides examined in this study. b) Schematic 

illustrating the exfoliation of bulk metal diboride into thinner sheets. c) All eight metal 

diboride compositions shown as colloidal dispersions of nanosheets produced by liquid-

phase exfoliation in one of six preliminary solvents. Image of vials taken from Yousaf et 

al.58 

 

As seen in the image and the bar plot of concentrations, some of the metal 

diborides seem to be more easily exfoliated in high concentrations than others. This 
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variation in exfoliation effectiveness between different compositions is likely the result of 

the differences in the strength of the metal-boron bonds across the different compositions, 

which in turn is related to variations in bonding character. For example, metal diborides 

such as MgB2 and AlB2 are known to have more ionic character in their metal-boron 

bonds,34 and thus may lead to their exceptional exfoliation in polar protic solvents such as 

isopropanol and ethanol when those bonds are severed upon exfoliation. Several of the 

compositions that contain high-atomic-number elements such as ZrB2, HfB2, and NbB2 

conversely seem to exfoliate less effectively. Even for the same composition however, 

different solvents that appear to exfoliate the material well produce dispersions of 

variable stability, as depicted in Figure A1.d, where CrB2 dispersed in ACN and MgB2 

dispersed in EtOH remain stable for several weeks based on the consistently high 

extinction, while dispersions of CrB2 in ACT and MgB2 in DMF suffer from significant 

sedimentation over a similar time period. Other studies have used methods such as 

Hansen solubility theory to analyze the solvent preferences of liquid-phase exfoliated 2D 

nanomaterials, but a much higher number of solvents would be required to gain useful 

results, which would not be applicable to this study. A full systematic study of the 

effectiveness of different solvents on exfoliating metal diborides using Hansen solubility 

parameters is presented in later work. 

2.2.2 Morphology of Metal Diboride Nanosheets 

 The morphology of the exfoliated metal diboride nanosheets was studied using 

TEM and AFM. Examples of TEM images of each metal diboride nanosheet composition 

are shown in Figure 2.2. As depicted, the nanosheets possess a flake-like morphology 
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similar to that of many other 2D nanomaterials produced via liquid-phase exfoliation. 

From TEM size distribution analysis of several compositions shown in Figure A.2, the 

average lateral sizes range from 30 to 50 nm, though from the images in Figure 2.2, it 

can be seen that flakes with sizes of above 1 μm can also be produced. Although the 

lateral area distribution is quite wide, the results in Figure A.2 for MgB2 nanosheets 

dispersed in DMF produced with increasing centrifugation time suggest that certain sizes 

can be selected for by varying the processing conditions. 

 

Figure 2.2 TEM analysis of metal diboride nanosheets. HfB2 and TaB2 were exfoliated in 

NMP, CrB2 and ZrB2 were exfoliated in ACT, MgB2 was exfoliated in IPA, TiB2 and 

AlB2 were exfoliated in ACN, and NbB2 was exfoliated in DMF. Images of HfB2, TaB2, 

and ZrB2 are taken from Yousaf et al.58 

 

The thickness and topology of the flakes were investigated using AFM. Images 

and height profiles of metal diboride sheets are shown in Figure 2.3. As seen in the 

images, the flakes can be produced with thicknesses ranging from 3 nm to 18 nm. Further 

investigation via thickness distribution analysis, shown in Figure A.3 shows that the 
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average thickness can range from 4.7 nm to 21 nm. The larger areas determined by AFM 

compared to TEM can be explained by the higher magnifications achievable by TEM, 

limiting AFM measurements to flakes of greater lateral sizes. 
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Figure 2.3 AFM analysis of metal diboride nanosheets. Nanosheets of a) MgB2 b) TiB2 

c) HfB2, and d) ZrB2 were dispersed in IPA. Plots represent line profiles of flakes 

presented in their respective images above each profile. Data in a-b) was collected and 

analyzed by Yuqi Guo and data in c-d) was collected and analyzed by Duo Li. The figure 

is from Yousaf et al.58 

2.2.3 Crystallographic and Chemical Characterization 

 In order to determine any structural or chemical changes that might have occurred 

to the metal diborides as a result of the energetic exfoliation process, HRTEM analysis 

was performed. Observed under HRTEM, a HfB2 flake can be seen to still have 

a b 

c d 
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crystalline order as shown in Figure 2.4a. A zoomed in image of one region of the 

nanosheet in Figure 2.4b shows that the crystal structure as observed through HRTEM 

still maintains a hexagonal symmetry, which is reaffirmed by the simulated HRTEM 

image depicted in Figure 2.4c, in which individual atoms of hafnium and boron are 

graphically overlayed with the simulated image. The lattice spacing of the HfB2 

nanosheet shown in the HRTEM image indicated by the two lines labelled “d” in Figure 

2.4b was found to be 2.72 ± 0.05 Å, which is in close agreement with the lattice spacing 

for the reported (1 0 0) plane of bulk HfB2, suggesting retention of the bulk material’s 

crystal structure. PXRD analysis was also carried out for exfoliated powders of MgB2 and 

ZrB2 and is summarized in Figure A.4. For both materials, the peaks representing the (1 

0 0) and (1 0 1) lattice planes are only faintly present and have drastically reduced 

intensities compared to their unexfoliated counterparts, which is expected for 2D 

nanomaterials due to the destruction of long-range crystalline order upon exfoliation.  

The EELS spectra for the HfB2 nanosheet are shown in Figure 2.4d-e. In the 

EELS spectrum from 180 to 230 eV shown in Figure 2.4d, the two peaks at 188 eV and 

196 eV are indicative of boron bonding within a metal diboride compound. The peak at 

188 eV can be attributed to the π* found within the sp2-hybridized boron atoms found 

with the hexagonal boron honeycomb, while the broad peak at 196 eV corresponds to the 

σ* antibonding orbitals.59 The EELS spectrum from 1200 eV to 2400 eV shown in 

Figure 2.4e contains one peak corresponding to the Hf M-edge, also consistent with 

bonding within a metal diboride compound.60 Additionally, quantitative analysis of the 

wide-scan EELS spectrum showing both the B K-edge and the Hf M-edge in Figure 
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A.5a shows the Hf:B ratio to be approximately 1:2.09, which closely resembles the 

expected 1:2 stoichiometry of metal diborides. The EELS analysis collectively suggests 

that the chemical composition of HfB2 after exfoliation was not disrupted, allowing for 

the generation of chemically robust metal diboride nanosheets using LPE. However, 

EDX analysis of HfB2 nanosheets shown in Figure A.5b does suggest come surface 

functionalization with oxygen as a result of exfoliation. FTIR analysis of exfoliated 

powders of CrB2 and MgB2 depicted in Figure A.6 show the presence of oxy-boron 

functional groups38 that are either absent or minimal in unexfoliated bulk powders, 

further suggesting that upon exfoliation metal diboride nanosheets can accrue some 

oxygen-containing functional groups on their surfaces. 
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Figure 2.4 HRTEM and EELS analysis of exfoliated HfB2 nanosheets. a) Wide-view 

HRTEM image of HfB2 nanosheet. b) Zoomed-in HRTEM image of region within 

dashed rectangle of a). c) Simulated HRTEM image based on data collected in b), with 

graphical representations of boron and hafnium atoms overlayed with the image to show 

locations of the respective atoms with the simulated lattice. d-e) EELS spectra taken of 

the HfB2 flake for d) boron K-edge and e) hafnium M-edge. HRTEM imaging in a-b) was 

performed by Ahmed Yousaf. Simulated image in c) and EELS analysis in d-e) were 

performed by Shery Chang. Figure taken from Yousaf et al.58 

  

The HRTEM and EELS data confirm that exfoliated nanosheets retain both their 

hexagonal crystal structure and chemical composition, suggesting that even non-vdW-

derived 2D nanomaterials can be produced using LPE and retain a majority of the 

structural properties of their bulk counterparts. However, as the EDX and FTIR results 

show, the exfoliation process does not occur without some form of surface 

functionalization with oxygen, which may affect the stability of the nanosheets in certain 

media and also some of their properties. 

a b c 

d e 
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2.2.4 Production and Mechanical Enhancement of Polymer Nanocomposites 

 An advantage of liquid-phase exfoliated nanosheets is their solution-

processability, which allows for mixing dispersions of nanomaterials uniformly within 

liquid polymer matrices. In order to demonstrate an application of solution-phase metal 

diboride nanosheets, polymer nanocomposites made from PVA were prepared and their 

mechanical properties evaluated. CrB2 was chosen as a representative candidate because 

of its rigid mechanical properties and its ability to be exfoliated in an aqueous solution of 

PVA. Films of PVA were prepared by a simple solution casting approach, whereby 

solutions of just PVA or PVA containing some loading of CrB2 nanosheets were poured 

into petri dishes and allowed to dry, leaving behind a thin film of PVA. Examples of a 

PVA film and a PVA film containing 0.27 wt% of CrB2 nanosheets are shown in Figure 

2.5a and 2.5b, respectively. The CrB2/PVA nanocomposite film appears much darker 

than that of PVA alone, suggesting proper incorporation of the nanosheets, yet still 

remains just as flexible as the control film without any nanofiller incorporation. As 

shown in Figure 2.5c-d, flakes of CrB2 nanosheets produced using PVA as an exfoliation 

medium also show similar morphologies to those produced using organic solvents as 

discussed earlier. 
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Figure 2.5 Mechanical testing of CrB2/PVA nanocomposite films. Images of a) control 

film with only PVA film and b) PVA nanocomposite film containing 0.27% loading of 

CrB2 nanosheets. c-d) TEM images of CrB2 nanosheets dispersed in an aqueous solution 

of 1% PVA. Tensile testing results for e) elastic modulus and f) ultimate tensile strength.  

 

The elastic modulus and ultimate tensile strength (UTS) results for the PVA films 

are shown in Figure 2.5e and 2.5f, respectively. With a CrB2 nanosheet loading of 

0.27%, a 23% increase in elastic modulus (3.26 GPa to 4.01 GPa) and a 48% increase in 

a b 

c d 

e f 
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UTS (87.70 MPa to 129.84 MPa) were achieved, showing that with modest amounts of 

CrB2 nanosheet filler, the mechanical properties of a polymer thin film can be 

significantly improved. For comparison to other nanomaterials, the reported elastic 

modulus and UTS values for PVA nanocomposites made using other nanomaterial fillers 

are presented in Table A.1, which show that enhancement of PVA by CrB2 nanosheets is 

comparable to the improvement seen in other PVA nanocomposites with fillers including 

traditional vdW-derived nanosheets like graphene61–65 and carbon nanotubes,66 proving 

the value of LPE-produced CrB2 nanosheets as another type of nanofiller to be used to 

strengthen existing solution-processed polymer films.   

2.3 Materials and Methods 

2.3.1 Production of Metal Diboride Nanosheets 

 As received metal diboride powders were mixed with solvents and subjected to 

either tip or bath sonication treatment. The mixtures were then centrifuged and the 

supernatants containing the exfoliated nanosheets were then collected for further 

experiments. 

2.3.2 Optical Spectroscopy 

 For ultraviolet-visible-near infrared (UV-Vis-NIR) spectroscopy, dispersions of 

nanosheets were dispensed into quartz cuvettes and examined using a Jasco V-670 

spectrophotometer. Powders for Fourier transform infrared (FTIR) spectroscopy were 

prepared by exfoliating large volumes of nanosheets, centrifuging them, and then drying 
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them. Measurements were performed using a Nicolet 6700 FTIR. Baseline corrections 

were applied to each FTIR spectrum using OMNIC software. 

2.3.3 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

 Liquid dispersions for inductively coupled-mass spectrometry (ICP-MS) analysis 

were first acidified in nitric acid overnight and diluted to a final nitric acid concentration 

of 2 wt%. The samples were then analyzed by a Thermo Fisher iCap Q quadrupole 

instrument. All ICP-MS measurements were performed by Trevor Martin at the Metals 

Environmental and Terrestrial Analytical Laboratory at ASU. 

2.3.4 Morphology Characterization: Transmission Electron Microscopy (TEM) and 

Atomic Force Microscopy (AFM) 

 To prepare samples for TEM analysis, dispersions of metal diboride nanosheets 

were dropped onto lacey carbon grids, and were then observed using a Philips CM-12 

TEM with an operating voltage of 80 kV. Samples for AFM were prepared by spin-

coating dispersions of nanosheets onto either Si/SiO2 or mica wafers and imaging was 

performed using a Bruker Multimode V in non-contact mode with ScanAsyst-Air tips. 

AFM images were analyzed using Gwyddion software 2.52.67 

2.3.5 High-Resolution Transmission Electron Microscopy (HRTEM), Energy 

Dispersive X-ray Spectroscopy (EDX), and Electron Energy Loss Spectroscopy 

(EELS) 

 Samples for HRTEM analysis were prepared similarly to TEM. Dispersions of 

metal diboride nanosheets were drop-casted onto lacey carbon grids. Imaging was 
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performed using an FEI Titan at an accelerating voltage of 300 kV. Energy-dispersive X-

ray spectroscopy (EDX) was performed on the FEI Titan. Electron energy loss 

spectroscopy (EELS) was performed on an ARM 200F operating at accelerating voltages 

of 200 kV and 80 kV with an Efinium spectrometer. The B K-edge was collected with a 

dispersion of 0.1 eV/ch and the Hf M-edge was collected with a dispersion of 1 eV/ch. 

The EELS elemental relative quantification was carried out using the Gatan Microscopy 

Suite (GMS) software, using Equation 2.1.  

𝑁𝐴

𝑁𝐵
=

𝐼𝐴𝜎𝐵

𝐼𝐵𝜎𝐴
     (2.1) 

where N is the areal density of a specific element and I the integrated intensity under the 

specific edge and σ the partial cross section. 

2.3.6 Powder X-ray Diffraction (PXRD) 

 Powders of exfoliated MgB2 were prepared by bath sonicating batches of 1.3 g 

amounts of MgB2 in 20 mL aliquots of IPA for approximately 2 hours. The resultant 

mixtures were then distributed into 1.75-mL microcentrifuge tubes and centrifuged for 10 

minutes at 5000 rcf to remove large aggregates, isolating the nanosheets within the 

supernatant. The supernatant containing nanosheets was then collected and subjected to 

additional centrifugation such that the nanosheets within the dispersion pelleted out 

almost completely. The supernatant of the spun down nanosheets was removed and 200 

μL was added to the pelleted nanosheets to redisperse them. This process was repeated 

many times to concentrate the nanosheets within one solution. The concentrated solution 

was finally spun down, the supernatant was removed, and the pellet was left to dry 
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overnight in an oven to obtain the powder used for PXRD. The ZrB2 powder was 

prepared similarly, except that instead of bath sonication, tip sonication was used (2 

hours, 35% amplitude) on batches of 1.3 g of ZrB2 in 22 mL of IPA. Bulk powders of 

MgB2 and ZrB2 were used as received. For the PXRD measurements, films of the 

powders were prepared on quartz substrates by placing powders onto the middle of the 

substrate and spraying IPA on both sides to allow the powders to soak up the solvent and 

spread across the substrate. After drying, PXRD spectra of the films were collected on a 

Siemens D5000 Powder X-Ray Diffractometer at a scan rate of 3 degrees per minute 

using copper K-α radiation. 

2.3.7 Polyvinyl Alcohol (PVA) Nanocomposite Film Synthesis and Tensile Testing 

 CrB2/PVA dispersions were prepared by mixing bulk CrB2 powder with 1% 

wt/vol PVA solution and subjecting the mixture to bath sonication. It should be noted 

here that originally tip sonication was used to produce the CrB2/PVA dispersions, but it 

was noticed that a large degree of titanium contamination was present in the samples 

from corrosion of the sonicator tip, which was composed of a titanium alloy. A more 

detailed discussion of this issue is discussed in Appendix D, but in brief, the presence of 

titanium alloy fragments likely originates from the abrasive character of the metal 

diborides, and because the fragments might contribute to the observed mechanical 

enhancement seen in the PVA nanocomposites, bath sonication was used to avoid 

contamination and thus solely assess the mechanical enhancement from the CrB2 

nanosheets.  
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CrB2/PVA nanocomposite films were prepared by dissolving PVA powder in 

water and mixing with a predetermined volume of CrB2/PVA dispersion. The solutions 

were poured into petri dishes and dried in a vacuum oven at 60°C for 48 hours. After 

drying, the films were cut into rectangular sheets and taped at the edges to prevent 

slipping within the tensile testing instrument. A solution of PVA alone containing the 

same PVA concentrations as the CrB2-containing mixtures was used as a control. The 

total volume poured into the petri dishes was kept constant to ensure similar thickness. 

 Tensile testing was performed using an Instron E3000 Test Instrument with a 1 

kN load cell and self-aligning grips. Samples of each CrB2 loading concentration and the 

PVA-only sample were tested in triplicate, with three rectangular bars used as individual 

trials.  

2.4 Conclusion 

 This study has shown the successful liquid-phase exfoliation of non-vdW metal 

diborides into colloidal dispersions of nanosheets. The morphology of the nanosheets as 

observed through TEM and AFM was shown to be similar to that of 2D nanomaterials 

produced through LPE of traditional vdW-solids such as graphite and TMDCs. The 

crystallographic and chemical composition of the LPE-processed metal diboride 

nanomaterials were shown to be for the most part retained based on HRTEM imaging and 

EELS analysis, though with some oxygen-functionalization as evidenced by EDX and 

FTIR results. The potential of solution-process nanosheets for practical reinforcement 

applications were demonstrated with the synthesis of CrB2/PVA nanocomposite films, 

which showed up to 23% and 48% increases in elastic modulus and ultimate tensile 
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strength, respectively, with loadings of up to 0.27% CrB2 nanosheet filler. This study 

highlights a much wider variety of materials within a prominent group of non-vdW solids 

with highly interesting properties that can be processed into colloidal dispersions of 

nanosheets through the simple process of LPE. As the metal diborides have favorable 

thermal stability and mechanical rigidity in their bulk forms, the implementation of 

nanofillers into polymer nanocomposites in this work holds promise of finding other 

matrices that can be imbued with greater mechanical and thermal resistance by 

incorporation with metal diboride nanofillers via a solution-processable route. 

Additionally, further investigation into the LPE-processing of metal diborides of different 

compositions or in particular solvents may lead to the discovery of interesting new 

nanostructures with unique chemistries. This possibility is presented with the example of 

LPE-processed vanadium diboride using water as the solvent in Appendix E, which 

shows very different behavior than the other metal diboride compositions. On a more 

fundamental level, the successful exfoliation of a relatively large group of non-vdW 

materials via LPE suggests that there are even more non-vdW solids, including other 

metal diborides, that can also be processed into 2D nanosheets and serves to motivate 

discovery of yet-unknown non-vdW feedstocks.  
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Chapter 3 

Evaluating the Exfoliation Efficiency of Quasi-2D Metal Diboride Nanosheets Using 

Hansen Solubility Parameters 

3.1 Introduction 

 Two-dimensional (2D) nanosheets prepared by liquid-phase exfoliation (LPE) 

have been extensively studied due to their ease of synthesis, solution-phase 

processability, and excellent material properties. Many well-known 2D nanomaterials 

prepared by LPE,11 such as graphene, transition metal dichalcogenides (TMDCs), and 

hexagonal boron nitride (hBN), have been used in applications including printable 

electronics, polymer nanocomposites, and solution-phase catalysis.19–21 Most 2D 

nanosheets are generated from parent materials that have layered bulk crystal structures 

consisting of sheets held together by van der Waals (vdW) forces that are readily 

separated. Extensive work has been done in not only applying the exceptional properties 

of vdW 2D nanomaterials in the solution phase, but also in optimizing nanosheet 

concentration, thickness selectivity, and diversity of available dispersing media.16,17,64 In 

recent years quasi-2D nanosheets have been prepared from materials that lack a layered 

vdW parent structure, expanding the study of 2D exfoliation to a diverse assortment of 

new materials. For example, the non-vdW natural ore minerals hematite and ilmenite 

have been successfully prepared using LPE and combined with titania nanotubes to 

construct photocatalytic devices.27,28 Various non-layered Earth-abundant materials have 

been exfoliated and used as electrocatalysts for the oxygen evolution reaction.29  
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Recently, we have shown that a class of non-vdW materials, the metal diborides, 

can be processed into dispersions of quasi-2D nanosheets by LPE in organic solvents.58 

These materials have the general formula MB2, where M is a metal and B is boron, and 

have a layered structure as shown in the schematic in Figure 3.1a. However, the bonding 

in the metal diborides has some covalent and ionic character and is stronger than vdW 

interactions. In our earlier work, we produced metal diboride nanosheets that served as 

effective fillers in polymer nanocomposites, demonstrating significant enhancement of 

the mechanical strength.58 In addition to mechanical rigidity, some members of the metal 

diborides family also exhibit bulk properties such as high temperature superconductivity 

and ultra-high temperature melting points.32,33 They have also been investigated for their 

catalytic potential in the hydrogen evolution reaction,40,41 and more recently a member of 

the metal diboride family has been shown to demonstrate unique sol-gel chemistry upon 

reaction with H2O2 as well as photocatalytic activity,57 suggesting many diverse potential 

uses of their two-dimensional forms. 

Since non-vdW materials are held together by stronger covalent and ionic bonds 

instead of comparably weaker vdW interactions, one would expect unique surface 

interactions with small molecules such as solvents upon exfoliation. For example, 

because of stronger bonding, it is likely that some surface reconstruction or 

functionalization would occur to promote stability of the nanosheets against aggregation 

in a given solvent. Consequently, developing an understanding of how solvents interact 

with these non-vdW nanosheets and assist in their exfoliation is critical to developing 

effective solution-phase processing techniques and facilitating their future applications. 
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However, despite growing interest in LPE nanomaterials derived from non-vdW solids, 

to our knowledge there have been no extensive experimental reports on the exfoliation 

behavior of non-vdW structures across various solvents. One way to elucidate the 

exfoliation behavior of LPE-processed nanosheets is to apply Hansen solubility theory, 

which assigns three parameters to each solvent to take into account different components 

of non-covalent intermolecular interactions, based on dispersive (δD), polar (δP), and 

hydrogen-bonding (δH) interactions.68 These parameters, called Hansen solubility 

parameters (HSPs), serve as a means to quantify the “like-dissolves-like” concept in 

solution-phase chemistry, with two species sharing similar HSP values being more likely 

to mix with each other. In the case of LPE processing of 2D nanomaterials, they can 

describe the ability of a solvent to effectively stabilize a colloidal dispersion of 

nanosheets. Previous work has demonstrated that values for the three Hansen parameters 

can be experimentally estimated for 2D nanomaterials like graphene and molybdenum 

disulfide (MoS2) by dispersing the materials in a range of different solvents and 

determining which set of Hansen values gives the most concentrated dispersions of 

nanosheets.69,70 However, this analysis has only been performed thus far with vdW-

derived 2D nanomaterials. Although one study predicted and demonstrated the successful 

co-solvent exfoliation of titanium diboride (TiB2) by calculating its surface tension 

components and comparing them with various solvents, the work still did not directly 

examine the exfoliation efficiency of the material in a survey of individual solvents.44 

Such broad experimental solvent studies are important for understanding fundamental 

surface interactions that LPE 2D nanomaterials have with their environment during and 
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after exfoliation, and also provide useful predictive abilities for choosing effective 

solvents to enhance scalability for research and industrial endeavors. 

Herein we examine the exfoliation behavior of two representative non-vdW 

structures from the class of metal diborides – chromium diboride (CrB2) and magnesium 

diboride (MgB2) – and determine all three HSPs for these two nanomaterials after 

quantifying the effectiveness of their exfoliation in 33 different solvents. To demonstrate 

the applicability of the calculated HSPs for optimizing future exfoliation experiments, we 

use them to choose and evaluate binary co-solvent blends which can enhance the initial 

concentration of the nanomaterial dispersions as well as prolong their colloidal stability 

relative to either constituent solvents alone. We expect that our results will help inform 

exfoliation efforts of other classes of 2D and quasi-2D nanomaterials derived from non-

vdW solids and provide predictive insight that can assist in utilizing quasi-2D metal 

diboride nanosheets in new technologies. 

3.2 Results and Discussion 

3.2.1 Production and Concentration Measurements of CrB2 and MgB2 Nanosheet 

Dispersions 

 CrB2 and MgB2 belong to a class of metal diborides exhibiting a characteristic 

hexagonal structure, as depicted in Figure 3.1a. The structures consist of graphene-like 

boron sheets alternating with layers of metal atoms. In our previous work, we 

demonstrated the successful exfoliation via LPE of eight different metal diboride 

compositions into dispersions of 2D nanosheets.58 In a small survey of six solvents, we 
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found that metal diborides with more ionic bonding character (e.g. MgB2) tended to 

exfoliate more effectively than the other compounds. For this study, we decided to focus 

on two metal diboride compositions, MgB2 and CrB2, to more thoroughly characterize 

their ability to be produced via LPE by determining their HSP values. We chose MgB2 

due to its industrial importance as a potential substitute for current high temperature 

superconductor-based devices and also due to its relevance in recent research efforts to 

produce various boron-based 2D nanomaterial compositions via solution-phase chemistry 

methods.35,37,38  We selected CrB2 as a less-ionic counterpart to MgB2 and also for its 

practical use as a nanofiller for polymer nanocomposites, as demonstrated in our previous 

work.58 We also chose these two metal diborides to provide an example of a compound 

that exfoliated relatively easily into organic solvents, MgB2, and contrast it with one that 

was not easily exfoliated, CrB2. 

 

 



43 
 

 

Figure 3.1 Metal diboride crystal structure and procedure for calculating Hansen 

solubility parameters for metal diboride nanosheets. a) Crystal structure of CrB2 and 

MgB2 showing both lateral (left) and z-axis (right) views. b) Scheme for conducting 

solvent study on metal diborides. Dispersions of CrB2 and MgB2 are prepared in triplicate 

by bath sonication and centrifugation of powders in different solvents to remove large 

aggregates. The concentrations of the dispersions are then measured using UV-Vis 

spectroscopy and the weighted averages of the extinctions and solubility parameters of 

the solvents are used to estimate HSP values for each material.  

 

Figure 3.1b depicts the methodology used for determining the exfoliation efficiency of 

the metal diborides in different solvents. Dispersions of CrB2 and MgB2 were prepared by 

mixing bulk powders with a solvent and subjecting the mixtures to bath sonication for 1 

hour, followed by centrifugation to remove unexfoliated aggregates and harvesting of the 

supernatant. The full list of solvents used in this study is included in Table B.1 in 

Appendix B, along with their HSP values and viscosities. Although there have been prior 
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efforts to assess exfoliation efficiency by taking into account viscosity,71 previous reports 

discussing the use of solubility parameters to predict nanosheet dispersions neglect the 

viscosity of the solvent in their processing methods. However, solvent viscosity directly 

impacts the centrifugation process by reducing the sedimentation velocity of the 

nanosheets and affecting the concentration of nanosheets that remain in the supernatant 

following centrifugation. Accordingly, we used viscosity-corrected centrifugation times 

in this study to compensate for the effect of viscosity in the determination of exfoliation 

efficacy (see Methods for calculation of viscosity-corrected centrifugation time using 

Equation 3.1 and Table B.1 for solvent viscosities and centrifugation times, as well as 

Equation 3.2 for determining viscosities of solvent blends). 

The optical extinction of the supernatant was then measured to assess the relative 

nanosheet concentrations of the dispersions in different solvents. UV-Vis-NIR spectra of 

each material dispersed in their five most effective solvents are shown in Figure B.1. The 

dispersions of CrB2 nanosheets exhibit relatively featureless spectra, and the extinction of 

each CrB2 nanosheet dispersion was evaluated at 600 nm to determine the relative 

concentration. However, dispersions of MgB2 nanosheets display two characteristic 

peaks, one within the range of 410-475 nm and the other within the range of 905-1050 

nm. We observed that the peaks in the MgB2 spectra shift in relative intensity and 

position depending on the solvent and the centrifugation time used. Since the region 

between the two peaks at 645 nm was largely unaffected by the two peaks, it was chosen 

to be the wavelength at which to determine the relative concentration of MgB2 

dispersions. The extinction values for the dispersions of both materials are meant to 
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substitute for absolute concentration measurements. To show the linear relationship 

between optical extinction and concentration for the two representative materials, we 

calculated extinction coefficients for the most effective solvents for both materials. The 

extinction coefficients and the plots used to calculate them are shown in Figure B.2. 

3.2.2 Comparison of Dispersion Effectiveness Between Solvents 

 The mean extinction data for both materials under viscosity-corrected 

centrifugation times and a standard centrifugation time of 4 minutes are presented in 

Figure 3.2 (see Tables B.2 and B.3 for listed extinction values of all dispersions of CrB2 

and MgB2, respectively). Photographs of vials containing the top five most concentrated 

dispersions under viscosity-corrected conditions are shown in Figure 3.3a. There are 

some important observations to be made regarding the best solvents for each metal 

diboride under the different centrifugation conditions. Under standard centrifugation 

conditions, the most effective solvent for dispersing CrB2 was dimethyl phthalate (DMP), 

which is the most viscous solvent used in the present study. However, when adjusting 

centrifugation time for viscosity, DMP does not even rank among the top five most 

effective solvents. The most effective solvent is instead the low-boiling-point solvent 

acetonitrile (ACN), producing samples that range in concentration from 0.010 to 0.022 

mg/mL. Additionally, acetone (ACT), which like ACN was not present in the top five 

most effective solvents under standard centrifugation conditions, produced dispersions 

with comparable concentrations to the top solvent ACN. We found that EtOH is the 

superior solvent for dispersing MgB2 nanosheets in this study and can produce 

dispersions with concentrations of up to 0.502 mg/mL. 
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Figure 3.2 Average extinction measured for CrB2 and MgB2 dispersed by different 

solvents. Circles represent the data from three individual measurements for each solvent. 

 

Although several of the other top solvents for both MgB2 and CrB2 dispersions are 

common across centrifugation conditions, it is apparent that the exfoliation effectiveness 

can be overestimated for very viscous solvents (e.g. DMP) and underestimated for less 
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viscous solvents (e.g. ACN and ACT). The latter case is particularly noteworthy, as ACN 

and ACT are low-boiling point solvents that can be valuable for solution-processing 

applications. Their exceptional ability to exfoliate metal diboride nanosheets would not 

be as noticeable without taking into account their lower viscosities. Because of the 

importance of viscosity in LPE experiments, the data obtained under viscosity-corrected 

conditions will be discussed in the following sections for comparison with other 

nanomaterials and for predicting and evaluating solvent blends.  

Although MeOH was the third best solvent for MgB2 based on extinction 

immediately after production, we observed that the initially concentrated dispersion of 

nanosheets was highly unstable, resulting in irreversible aggregation within only a few 

hours of exfoliation. Thus, for additional analysis such as TEM, we neglected MeOH in 

the top five solvent category for MgB2. We note that we only observed this rapid 

aggregation behavior in MeOH dispersions of MgB2. 
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Figure 3.3 Vial images and TEM analysis of top five solvents for CrB2 and MgB2 a) 

Vials containing the top five most concentrated CrB2 and MgB2 dispersions under 

viscosity-corrected centrifugation conditions. b) TEM images of CrB2 and MgB2 

nanosheets contained within the dispersions shown in the above vials. (ACN = 

acetonitrile, ACT = acetone, GBL = gamma-butyrolactone, IPA = isopropanol, DMPU = 

dimethylpropyleneurea, EtOH = ethanol, DMF = dimethylformamide, PYR = pyridine, 

NMP = N-methyl-2-pyrrolidinone) 

 

 We observed the morphology of nanosheets in dispersions produced with the top 

five most effective solvents by TEM imaging, as shown in Figure 3.3b. Flake-like 

nanosheets were observed for all solvent and metal diboride combinations. The areas and 

thicknesses of CrB2 and MgB2 flakes in their respective top solvents were also analyzed 

via TEM and AFM analysis, as shown in the histograms Figures B.3-5. Overall, the 

average areas and thicknesses for each composition are about 2-3 times larger than those 

of metal diboride nanosheets investigated in our previous work.58 Such differences are 
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likely due to the fact that tip sonication was used to prepare the dispersions subjected to 

size and thickness analysis in the previous study, whereas solely bath sonication was used 

in this work. The weaker forces associated with bath sonication enable the production of 

larger and thicker flakes than those produced via tip sonication.  

3.2.3 Hansen Solubility Parameter Analysis of Metal Diboride Nanosheets 

Figure 3.4 shows plots of the extinction of CrB2 and MgB2 dispersions versus the 

HSP values of the solvents used. Data from each solvent/metal diboride combination are 

plotted for all three experimental replicates used for each combination. Using these data, 

the solubility parameters for CrB2 and MgB2 under viscosity-corrected centrifugation 

conditions were calculated using Equation 3.3, as shown in the Methods section. 

Dashed lines represent the location of the calculated HSP values for CrB2 and MgB2 

viscosity-corrected conditions. Despite the scatter, for each plot there appears to be a 

region of HSP values that yields higher extinction, which corresponds to the HSP 

parameters best for dispersing either CrB2 or MgB2 nanosheets. 
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Figure 3.4 Standard HSP plots depicting the extinction of each metal diboride dispersion 

plotted against the solubility parameter value of its respective solvent for CrB2 and MgB2. 

Samples of each metal diboride/solvent combination were prepared in triplicate and 

shown as individual points in plots. Dashed lines represent the calculated HSP value of 

the metal diboride nanosheets. 

 

Figure 3.5 plots the HSP values for both metal diborides along with previously 

reported HSP values for other liquid-phase exfoliated 2D nanomaterials including 

graphene, molybdenum disulfide (MoS2), germanane, silicane, and a layered double 

hydroxide (LDH) Mg3Al-NO3.
69,70,72–74 For comparison, HSPs for CrB2 and MgB2 under 

standard centrifugation conditions (i.e. constant 4 minutes for each solvent) are also 

included. The exact HSP values for all materials are included in Table B.4 for reference. 

From the results in Figure 3.5, it appears that generally both CrB2 and MgB2 have 

similarities in HSP values as more traditional 2D nanomaterials such as graphene and 
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MoS2, particularly in terms of δD. However, the values of both δP  and δH  are higher in 

CrB2 and MgB2 compared to nanosheets derived from vdW solids. The polar Hansen 

parameter δP describes interactions dictated by dipole moments, and a higher value thus 

suggests an affinity for more polar solvents. A possible reason for a higher δP  values for 

CrB2 and MgB2 is the presence of oxygen-containing functional groups on the nanosheet 

surfaces, which are reported to be present in the germanane, silicane, and LDH 2D 

nanomaterials, whose δP  values depicted in Figure 3.5 were also found to be higher than 

those of graphene and MoS2. In addition to relatively high δP values, CrB2 and MgB2 also 

had quite high δH  values. Although the Hansen parameter δH does not strictly represent 

only the hydrogen-bonding interactions, hydrogen bonding is one of the interactions that 

can contribute to a high δH value. The high δH values of hydride-terminated germanane 

and silicane and the hydroxyl-terminated surfaces of Mg3Al-NO3 show the apparent 

correlation of H-bonding capability and δH value, and thus also suggests that the high 

values of δH  for CrB2 and MgB2 indicate the presence of H-bonding moieties such as 

hydroxyl groups on the nanosheet surfaces.  

While the δP and δH values of the two metal diborides are both higher than those 

of graphene and MoS2, it is important to note the differences between the two metal 

diboride compositions. CrB2 has a much higher δP value than MgB2 (12.43 for CrB2 

compared to 10.16 for MgB2), while MgB2 has a much higher δH value than CrB2 (12.94 

for MgB2 compared to 9.03 for CrB2). As MgB2 exhibits more ionic bonding character 

than CrB2,
34 it is reasonable to infer that it would be more easily functionalized with 

surface hydroxyl groups upon exfoliation, which would lead to a high δH value and 
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explain the exceptional exfoliation efficiency of MgB2 in protic solvents like ethanol 

(EtOH). Because of the stronger covalent bonding within CrB2, exfoliation into 

nanosheets would likely require a greater degree of oxidation of the compound in order 

for the nanosheets to be stabilized. This behavior would result in the presence of oxygen-

containing functional groups on the surface, giving CrB2 a higher δP value and explain 

the effectiveness of polar aprotic solvents like ACN and ACT in exfoliating CrB2. 

Because the CrB2 and MgB2 nanosheets are both derived from non-vdW solids, it is 

likely that the oxidation of their surfaces with hydroxyl and oxo-functional groups assists 

in separation of the bulk materials into layers. Thus, the collective functionalization leads 

to their higher δP and δH values relative to nanosheets exfoliated from more traditional 

vdW solids. These results also suggest that higher δP and δH values could be expected for 

nanomaterials produced from other non-vdW solids. 
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Figure 3.5 Comparison of HSP values for different nanosheet compositions. 
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 The three HSPs of a given solvent or the nanosheets can be thought of as 

coordinates in a three-dimensional space called the Hansen space. Figure 3.6 depicts 2D 

cross sections of Hansen space containing the locations and exfoliation effectiveness of 

all solvents used in this study along with the calculated coordinates of the CrB2 and 

MgB2 nanosheets (red filled circles). The mean extinction for each solvent is indicated by 

its color determined from the color bar, with darker colored points indicating more 

concentrated dispersions. To aid in the identification of compatible solvents, we defined 

an ellipse for each cross section centered at the coordinate of the metal diboride. We set 

the semi-major and semi-minor axes of the ellipse to be twice the weighted standard 

deviation of the calculated HSPs (see Equation B.1 and Table B.5 for the weighted 

standard deviations). These cross-section plots can also help to visualize the solvents that 

most contributed to the calculated HSPs of the two nanomaterials, and also help to 

highlight the overall differences in effective solvents between the two nanomaterials. The 

δD -δP cross section (Figure 3.6a) shows that while δD varies only slightly between the 

two materials, while δP is noticeably higher in CrB2, owing to the highly effective 

solvents with δP values greater than 15 that poorly exfoliate MgB2 in comparison. 

Likewise, for the δD -δH cross section (Figure 3.6b), there are more effective solvents 

with higher δH values for MgB2 than for CrB2, though it seems possible to exfoliate CrB2 

to at least some extent with solvents possessing a wider range of δH values. This last point 

draws attention to a trend that is best illustrated in Figure 3.6c, which shows the δP -δH 

cross section. While MgB2 appears to be limited in exfoliation effectiveness to solvents in 

a δP range of 5 to 15 and a δH range of 5-25, CrB2 can still be exfoliated reasonably well 
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with solvents possessing values of both parameters above 25 and below 5. Overall, the 

greater area encompassed by the ellipse of CrB2 in each cross section suggests that 

although CrB2 cannot be dispersed in high concentrations, it can be exfoliated over a 

much wider range of solvent properties than MgB2, which might be able to guide further 

efforts into processing similarly difficult-to-exfoliate materials. For example, even if a 

non-vdW-derived material may not appear to exfoliate well in a solvent that is commonly 

used in LPE experiments, it does not necessarily mean that a material cannot be 

exfoliated at all, but rather that the right solvents have not been chosen for that specific 

material.   

 



56 
 

 

Figure 3.6 Plots depicting the location in two-dimensional Hansen space for CrB2 and 

MgB2 and solvents. Results are depicted in a) δD -δP  b) δD -δH and c) δP -δH  cross 

sections. Spots are colored based on the mean extinction of a dispersion produced with 

each solvent for a given material, with darker-colored spots indicating solvents that 

produced higher concentrations. The red ellipses are centered at the metal diboride HSPs 

values and have semi-major and semi-minor axes set at twice the weighted standard 

deviation of the HSPs. They define in Hansen space the HSPs for solvents most likely to 

be suitable for exfoliating CrB2 and MgB2. 
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3.2.4 Solvent Blends 

 Knowledge of the HSPs of nanomaterials can be used to not only predict the 

exfoliation efficacy of individual solvents, but also combinations of two solvents. Others 

have gone on to use these experimentally determined Hansen values for 2D 

nanomaterials to predict new solvents for successful LPE processing as well as to 

formulate successful co-solvent blends enabling LPE processing using more mild or low-

boiling point solvent mixtures.18,75 Such solvent blends can vastly improve the flexibility 

of exfoliating different nanomaterial compositions as they can allow for two solvents 

with poor exfoliation performance alone to give high concentrations of nanosheets 

together in certain volume ratios. Since each solvent, solute, and blend of solvents 

occupies a point in Hansen space, the distance between them, Ra, can be determined by 

Equation 3.4 below. In principle, the closer two species (e.g. solvent, solute, 

nanomaterial, etc.) are to each other in Hansen space (i.e. the smaller the Ra), the more 

likely they are to mix. 

 𝑅𝑎 =  √4(𝛿𝐷1 −  𝛿𝐷2)2 +  (𝛿𝑃1 −  𝛿𝑃2)2 +  (𝛿𝐻1 −  𝛿𝐻2)2   (3.4) 

To demonstrate an application of HSPs for expanding the list of useable solvents for 

exfoliating CrB2 and MgB2 nanosheets, we used the calculated HSPs of CrB2 and MgB2 

to predict a solvent blend for each material that can produce higher concentrations of 

each of the metal diboride nanosheets than either component solvent alone by testing 

solvent blends with minimum Ra values with the two metal diborides. 
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 For the solvent blend analysis, we chose solvents that showed both very poor 

exfoliation efficiency and that were quite far apart in Hansen space from the calculated 

HSPs for both materials. The solvents were also chosen such that blends between the two 

solvents would result in a shortening of Ra from the target nanomaterial. For CrB2, the 

solvents chosen were methanol (MeOH) with an Ra of 14.12 and chloroform (CF) with an 

Ra of 10.00, which led to a minimum Ra of 6.62 near 40% MeOH, as shown in the plot of 

Ra as a function of solvent ratio (Figure 3.7a). For MgB2, the solvents chosen were 

MeOH with an Ra of 10.59 and o-dichlorobenzene (DCB) with an Ra of 13.08, generating 

a minimal Ra of ~1.6 near 55% MeOH, as shown in Figure 3.7b.  
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Figure 3.7 Solvent blend analysis. a) The calculated Ra values for CrB2 in solvent blends 

of CF and MeOH. b) The calculated Ra values for MgB2 in solvent blends of DCB and 

MeOH. c,d) The extinction of CrB2 (c) and MgB2 (d) dispersions prepared using various 

percentages of MeOH in solvent blends with CF and DCB, respectively, after synthesis 

and after one day of sedimentation. e,f) The fraction of CrB2 (e) and MgB2 (f) remaining 

after one day of sedimentation, represented by the fraction of the initial extinction. Solid 

lines in c-f indicate mean values for 3 trials of extinction data. 

 

 The extinctions for the nanomaterial dispersions produced with solvent blends of 

various compositions are shown in Figure 3.7c-d for measurements taken immediately 

after exfoliation and the day after. For CrB2, dispersions of CrB2 nanosheets in MeOH or 

CF alone are consistently poor, showing extinctions of almost zero (Figure 3.7c). When 

mixed, however, the combination of solvents allows for dispersions with extinctions of 

above 1.4 for the 40% MeOH mixture, in agreement with the calculated minimal Ra 
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value. We also observe a general increase in initial MgB2 nanosheet concentration for the 

mixtures of MeOH and DCB relative to MeOH or DCB alone. In this case, the maximum 

concentration occurs with a composition having an Ra with MgB2 at 8.44 (20% MeOH), 

which is somewhat far from the expected minimum Ra at ~55% MeOH. Despite this, for 

both blends, the highest initial concentration is obtained with a composition having a 

lower Ra with the target metal diboride nanomaterial than either solvent alone.  

Furthermore, the initial extinction values for the dispersions from the solvent 

blends (i.e. CrB2 in MeOH/CF and MgB2 in MeOH/DCB) matched or exceeded those for 

the best individual solvents for these materials determined earlier in the study (i.e. ACN 

and ACT for CrB2 and EtOH for MgB2). The 40% MeOH/CF blend attained an average 

extinction value for CrB2 of 1.42 a.u., almost doubling that of ACN and ACT, having 

average extinctions of 0.84 and 0.80 a.u., respectively. Meanwhile, the 20% MeOH/DCB 

blend produced an MgB2 dispersion having an extinction value of 6.92 a.u., narrowly 

exceeding the extinction of the MgB2/EtOH dispersion, 6.26 a.u. These results illustrate 

that co-solvent blends can be formulated for CrB2 and MgB2 that can exfoliate 

nanosheets with similar or superior efficiency to ideal individual solvents. 

Since the MgB2 dispersions in pure MeOH were only stable for a few hours 

before aggregating, we also investigated the stability of the dispersions of MeOH-

containing solvent blends the day after synthesis. For both CrB2 and MgB2, we found that 

there is a general increase in stability for the solvent blends compared to dispersions 

prepared with the constituent solvents alone (Figure 3.7e-f). For MgB2 in particular 

(Figure 3.7f), we observe that of the compositions studied, dispersions of MgB2 stable 
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after one day can be produced with compositions comprising 10-70% MeOH, whereas 

with compositions of 80% MeOH or higher, the dispersions sediment out of solution after 

one day with extinction values close to zero. We also note that some of the dispersions 

for MgB2 in DCB/MeOH blends within the 10-70% MeOH range remain stable for 

several days or more.  

Comparing the calculated Ra values (Figure 3.7a-b) to the extinction values for 

the blends from experiment (Figure 3.7c-d), we observe a reasonably good correlation 

between high initial nanosheet concentration and a low Ra in the MeOH/CF system for 

CrB2, with the maximum achieved concentration occurring at a composition very close to 

the minimum value on the Ra curve. For MgB2, the highly effective solvent compositions 

occur at 20% to 30% MeOH rather than the 55% MeOH expected from the minimum Ra 

value. We attribute this difference to uncertainties in the HSP values for MgB2 and the 

solvent blends. Nevertheless, these experiments that demonstrate that solvent blends can 

provide large increases in the concentration and stability for LPE nanomaterials derived 

from non-vdW solids, and that solvent blends informed by HSP analysis offer a simple 

and effective way to improve dispersions. The experimental results show that just 

decreasing the Ra can greatly improve the exfoliation performance, without necessarily 

finding the optimal concentration with the lowest Ra, suggesting that this is a fairly 

forgiving phenomenon.   
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3.3 Materials and Methods 

3.3.1 Materials 

     Chromium diboride (99% metals basis, ~325 mesh, Alfa Aesar 12570) and 

magnesium diboride (powder ~100 mesh ≥99% trace metals basis, Sigma Aldrich 

553913) were used as received.  

 Isopropanol (IPA, Sigma, I9030), ethanol (EtOH, Sigma, E7023), acetone (ACT, 

VWR, BDH1101), quinoline (Sigma, 241571), pyridine (Pyr, Sigma, 270970), 1-Methyl-

2-pyrrolidinone (NMP, Sigma, 270458), cyclopentanone (CPO, Sigma, W391018), ethyl 

acetate (EtAc, Sigma, 270989), acetonitrile (ACN, Sigma, 271004), dimethyl sulfoxide 

(DMSO, Sigma, D8418), N,N-Dimethylformamide (DMF, Sigma, 227056), chloroform 

(CF, Sigma, C2432), methanol (MeOH, Sigma, 34860), N,N-Dimethylacetamide 

(DMAc, Sigma, D137510), dichloromethane (DCM, Sigma, 270997), dimethyl phthalate 

(DMP, Sigma, W508500), 1,2-Dichlorobenzene (DCB, Sigma, 270598), 1,3-Dimethyl-

3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU, Sigma, 251569), cyclohexanone (CHO, 

Sigma, 398241), γ-butyolactone (GBL, Sigma, B103608), 1,4-dioxane (Sigma, 296309), 

ethylene glycol, (EtGly, Sigma, 324558), 1-ethyl-2-pyrrolidone (1EP, Sigma, 146358), 

heptane (Sigma, 246654), hexane (Sigma, 296090), pentane (Sigma, 236705), formamide 

(FAm, Sigma, F9037), benzonitrile (BN, Sigma, B8959), dibenzyl ether (DBE, Sigma, 

33630), benzyl benzoate (BB, Sigma, B6630), benzaldehyde (BA, Sigma, B1334), 1-

vinyl-2-pyrrolidinone (1VP, Sigma, V3409) and 1,3-dioxolane (Sigma, 184497) were all 

used as received. 
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3.3.2 Dispersion of 2D Metal Diboride Nanosheets 

     400 mg of either CrB2 or MgB2 powder were mixed with 6 mL of solvent in 15-

mL glass dram vials subjected to bath sonication (Branson CPX2800H) for 1 hour. As 

mentioned in the previous chapter, and discussed in greater detail in Appendix D, tip 

sonication with metal diborides seems to result in accelerated corrosion of the sonicator 

tips, and thus contamination of the resulting dispersions. This contamination appeared to 

also affect optical properties, as certain tip-sonicated samples had exceptionally high 

extinction coefficients. To avoid any complications of the extinction measurements 

carried out in this study from titanium contamination, all samples were treated with bath 

sonication. The samples were sonicated in an ice-water bath to maintain a consistent 

temperature and prevent overheating during sonication. The sonicated mixtures were then 

placed into 1.75-mL microcentrifuge tubes and centrifuged at 5000 RCF (Eppendorf 

Centrifuge 5424, FA-45-24-11 rotor). 1 mL of the supernatant dispersion containing the 

metal diboride nanosheets was collected from each tube. Since the solvents used had 

varying viscosities, a set of centrifugation times adjusted for viscosity were determined 

by Equation 3.1. 

 𝑡𝑐 =  
4𝜂𝑠

2
     (3.1) 

The resulting viscosity-corrected centrifugation times (tc) were determined based on the 

viscosity of each solvent (ηs) in mPa*s at 25°C. The centrifugation times and viscosities 

were normalized to 4 minutes and 2 mPa*s, respectively, and calculated tc values were 

rounded to the nearest 0.5 minutes for experiments. For example, a dispersion made with 
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a solvent with a calculated tc of 3.3 minutes would be centrifuged for 3.5 minutes. For 

each metal diboride/solvent combination, dispersions were generated under both 

viscosity-corrected centrifugation conditions as described above and with a standard 

centrifugation time of 4 minutes. Thus, half of each sonicated mixture was centrifuged 

for 5000 RCF for a time determined based on solvent viscosity calculated using 

Equation 3.1, and the other half was centrifuged at 5000 RCF for 4 minutes, independent 

of viscosity. Each metal diboride/solvent dispersion was prepared in triplicate. The same 

viscosity correction was applied to solvent blends, though for two solvents with 

significantly different viscosities, a different viscosity representing that of the blend 

needed to be determined. The viscosities for the MeOH and DCB blends were calculated 

by using the Arrhenius equation for a binary mixture, shown in Equation 3.2 below:  

ln(𝜂𝑏) =  𝑥1ln(𝜂1) +  𝑥2ln(𝜂2)   (3.2) 

where 𝜂𝑏 is the viscosity of the solvent blend, 𝜂1 and 𝜂2 are the viscosities of the two 

pure solvents, and 𝑥1 and 𝑥2 are the solvents’ respective mole fractions. 

3.3.3 Extinction and Concentration Measurements 

 Extinction measurements were performed using ultraviolet-visible-near-infrared 

(UV-Vis-NIR) spectroscopy. Spectra for the metal diboride dispersions in quartz cuvettes 

were collected using a Jasco V-670 spectrophotometer. The extinction values at 600 nm 

for CrB2 and at 645 nm for MgB2, wavelengths at which the spectra are featureless, were 

used to calculate the HSP values for each metal diboride. The average extinctions from 
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the triplicate measurements of each dispersion were then used to calculate the Hansen 

solubility parameters (δi) using Equation 3.3.  

    〈𝛿𝑖〉 =  
∑ 𝑐𝑠𝛿𝑖,𝑠𝑠

∑ 𝑐𝑠𝑠
      (3.3) 

where cis represents the average extinction of a dispersion of nanosheets in a particular 

solvent and (δi,s) is the Hansen solubility parameter value for the particular solvent s, and 

i is D, P, or H. 

Concentration measurements used for calculating the extinction coefficients for 

CrB2 and MgB2 in select solvents were determined using inductively coupled plasma 

mass spectrometry (ICP-MS). Concentrations of chromium and magnesium were 

collected using a Thermo Fisher iCap Q Quadrupole instrument. Samples were acidified 

overnight with HNO3 and diluted to form an aqueous solution of 2 wt% HNO3 before 

being analyzed by the instrument. Because the instrument is not able to measure boron 

quantitatively enough for concentration determination, concentrations in mg/mL for each 

metal diboride were inferred from the metal concentrations by assuming stoichiometric 

amounts of boron were present, and adding that to the metal concentration. 

3.3.4 Transmission Electron Microscopy (TEM) and Atomic Force Microscopy 

(AFM) Analysis 

 Samples for TEM analysis were prepared by drop casting CrB2 and MgB2 

dispersions onto lacey carbon grids. Imaging was performed using a Philips CM-12 TEM 

under an accelerating voltage of 80 kV.  
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AFM samples were prepared by spin coating dispersions onto SiO2/Si substrates. 

The substrates were first cleaned in ACT and IPA prior to spin-coating, and after spin-

coating the substrates were annealed in a tube furnace at 500°C with flowing argon to 

remove any residual organic solvent or other contaminants. AFM imaging was performed 

with a Bruker Multimode V instrument in ScanAsyst non-contact mode with ScanAsyst-

Air tips (Bruker, tip diameter 2nm). Images were processed using Gwyddion software 

2.52.67 

3.4 Conclusion 

 We have analyzed the liquid-phase exfoliation effectiveness of two representative 

metal diboride non-vdW materials, CrB2 and MgB2, using Hansen solubility theory. We 

found that the viscosity of the solvents must be taken into account when processing the 

dispersions for such analyses, as the results can be heavily skewed towards certain 

solvents depending on viscosity. Our results showed that nanosheet dispersions with 

concentrations exceeding 0.02 mg/mL for CrB2 were achieved in ACN and ACT, and 0.5 

mg/mL for MgB2 in EtOH. The calculated HSP values for each material suggest some 

broad classes of solvents that should efficiently exfoliate the two metal diborides, 

including protic solvents for MgB2 and aprotic polar solvents for CrB2, and can help 

determine the HSP values of solvents most likely to successfully exfoliate each material. 

The higher δP and δH values for both materials relative to more traditional vdW 

nanomaterials suggests additional functionalization with oxy and hydroxy functional 

groups, and this relationship may likely carry over to other nanomaterials derived from 

non-vdW solids. We also found that, evaluated by its own range of extinction values, 
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CrB2 appears to be successfully exfoliated with a wider range of solvent properties than 

MgB2. Such an observation is important for future studies of non-vdW-derived 

nanomaterials, as it suggests that even if a select few solvents do not appear to readily 

exfoliate a particular material composition in high concentrations, there may be a wide 

array of solvents that can exfoliate it at least in marginal concentrations, granting more 

options for processability of non-vdW-derived nanomaterials. The calculated HSPs were 

then applied toward successful exfoliation of both materials in binary co-solvent blends 

containing constituent solvents that alone had poor exfoliation effectiveness. We found 

that at certain compositions of the blends, the initial concentrations of nanosheets either 

match or exceed those produced by the best pure solvents alone and exhibit prolonged 

stability against aggregation. Thus, we have shown the potential applicability of HSPs 

and solvent blends for the optimization of LPE exfoliation for non-vdW nanomaterials. 

This study provides a crucial fundamental study of the LPE processing of metal 

diborides, and we expect it will serve as a basis to ignite further research into the 

solution-phase processing and applications of other non-vdW materials. 
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Chapter 4 

3D-Printing of Metal Diboride Nanocomposites 

4.1 Introduction 

 Liquid-phase exfoliation is a low-cost, high-throughput method of generating 

solution-processable samples of 2D nanosheets. It can be applied to exfoliate many 

common van der Waals solids, including graphite, transition metal dichalcogenides, and 

boron nitride to produce their 2D counterparts.11,50 Additionally, liquid-phase exfoliation 

has been adapted to produce 2D nanomaterials from non-van der Waals solids, such as 

hematite and elemental boron.27,76 Recently our group has demonstrated that simple 

liquid-phase exfoliation of bulk metal diboride powders in organic solvents and aqueous 

surfactants can produce liquid dispersions of 2D metal diboride nanosheets.58 The metal 

diborides, which possess the chemical formula MB2, are known for their exceptional 

properties, including high temperature superconductivity in the case of magnesium 

diboride and ultra-high temperature melting points (>3000°C) and high hardness as with 

titanium diboride, hafnium diboride and zirconium diboride.32,33 Solution-phase 

processing opens up several opportunities for the application of 2D nanosheets dispersed 

in various solvents, including the production of liquid-based coatings or inks and the 

production of polymer nanocomposites from liquid polymer precursors. Several reports 

have demonstrated the production of polymer nanocomposites incorporating liquid-phase 

exfoliated graphene and TMDCs.19,77 The addition of 2D nanofillers can result in 

remarkable enhancements in a range of nanocomposite properties, including electrical 

and thermal conductivity, mechanical strength, and heat resistance.  
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3D printing, or additive manufacturing, has emerged as a critical tool for precise 

production of materials and components for industrial and research applications. Of the 

many types of 3D printing, the process that tends to produce the best resolution is 

stereolithography (SLA) 3D printing, which involves selectively curing a liquid 

photocurable polymer precursory with 2D patterns of light to make a layered three-

dimensional structure.78 As the precursors to SLA printing are liquid, mixing nanoscale 

fillers to liquid photocurable resins is an effective method to produce SLA 3D-printed 

nanocomposites.79 Such 3D-printed nanocomposites not only exhibit the enhanced 

properties of typical nanocomposites, but can also be fabricated in any shape to fulfill 

specific spatial or structural requirements. Here, we demonstrate the incorporation of 

three different metal diboride nanomaterials into 3D-printed structures via a simple 

solvent-resin mixing and solvent removal procedure to produce 3D-printed metal 

diboride nanocomposites. We show the successful production of 3D printed 

nanocomposites incorporating several different compositions of metal diboride 

nanosheets using a commercially available prototyping polymer (PR48) and a well-

established biocompatible photocurable polymer used in biomedical applications, 

poly(ethylene glycol) diacrylate (PEGDA).80  

A recent development in 3D printing over the past several years is the use of 

preceramic polymer mixtures as 3D printing feedstock to fabricate three-dimensional 

ceramic structures. Preceramic polymers or polymer-derived ceramics are silicon-based 

polymers that when sufficiently crosslinked and pyrolyzed at high temperatures (e.g. 

1000°C) are consolidated into amorphous ceramic structures.81 By using photocurable 
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preceramic polymer structures, Eckel et al. demonstrated that three-dimensional ceramic 

structures can be produced using the high-resolution SLA 3D printing technique, and 

others have expanded on this concept by using different resin compositions and by 

further evaluating the effect of pyrolysis on dimensional shrinkage.82–84 These 3D-printed 

ceramic structures exhibit the high-temperature resistance and mechanical properties that 

can be expected from ceramic structures synthesized by other techniques. Because of the 

increasing importance of preceramic polymers in additive manufacturing, as another 

application of our method we show the incorporation of metal diboride nanosheets into a 

3D-printed ceramic structure via prior mixing with a preceramic polymer resin, SLA 3D 

printing, and subsequent pyrolysis.  

It is the goal of this report to show the successful incorporation of metal diboride 

nanomaterials into polymer structures with complex geometries via 3D printing. 

Ultimately, we expect that these findings will provide a first step towards the production 

of functional nanocomposites that can effectively exploit the unique properties of metal 

diborides in diverse applications, and future work will be focused on demonstrating the 

enhancements of the nanocomposites by the incorporated nanosheets. 

4.2 Results and Discussion 

4.2.1 3D-Printing of Metal Diboride Polymer Nanocomposites 

Liquid-phase exfoliated nanomaterials offer a unique opportunity for generating 

3D-printed nanocomposites via stereolithography, which already uses liquid starting 

materials to produce complex 3D structures. The solvent isopropanol (IPA) is a common 
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low-boiling point solvent that is miscible with the commercially available 3D printing 

resin PR48 and the commonly used PEGDA polymer and can produce stable dispersions 

of several metal diborides, including CrB2, MgB2 and TiB2. The low-boiling point of IPA 

allows for its removal under mild conditions using a roto evaporation, thus providing a 

convenient route to incorporate nanosheet dispersions into the resin while not diluting the 

resin or affecting its overall properties. Our process for incorporating 2D metal diboride 

nanosheets into 3D-printed PR48 and PEGDA structures is depicted in Figure 4.1. Metal 

diboride nanosheet dispersions in IPA are first mixed with the photopolymer resin, the 

mixture is rotavapped to remove IPA, and finally the resin/nanomaterial mixture is used 

to 3D-print nanocomposite structures using a commercial SLA 3D printer.  

Figure 4.1 Procedure for making nanocomposite structures incorporating metal diborides 

via stereolithography 3D printing. A metal diboride (MB2) nanosheet dispersion in IPA is 

mixed with 3D printing resin (PR48 or PEGDA), the mixture is rotavapped to remove 

IPA, and then used to 3D-print the final nanocomposite structure via SLA 3D printing.  

 

Successfully 3D-printed structures are shown in Figure 4.2. Those printed using 

the commercial PR48 resin are shown in Figure 4.2a, 4.2c, and 4.2e. CrB2 is 

incorporated into various structures, including a sphere, a trident and a cubic lattice, as 

shown in Figure 2.2c. PEGDA resin was also used to 3D-print structures, as shown in 
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Figure 2.2b, 2.2d, and 2.2f, with PEGDA structures containing CrB2 nanosheets and 

MgB2 nanosheets shown in Figure 2.2d and 2.2f (right), respectively. PR48 trident-

shaped structures with an increasing amount of TiB2 nanosheets are shown in Figure 

2.2e. The darker color of the composite structures relative to the control structures is 

indicative of successful and uniform incorporation of metal diboride nanosheets into the 

polymer network. It is also worth noting that due to the dependence of light interaction 

with the resin for successful curing, ineffective mixing between the resin and 

nanomaterial dispersion resulting in aggregation of the 2D nanomaterial often prevents 

structures from being printed at all via stereolithography.  
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Figure 4.2 Images of 3D-printed structures. 3D-printed structures composed of (a) PR48, 

(b) PEGDA, (c) PR48 containing CrB2 nanosheets and (d) PEGDA containing CrB2 

nanosheets. (e) PR48 trident-shaped structures with increasing concentration of TiB2 

nanosheets. (f) PEGDA structure without (left) and with MgB2 nanosheets (right). 

4.2.2 Preceramic Polymer Nanocomposites 

This method of incorporating metal diboride nanosheets into photocurable 

polymers can also be applied to synthesize 3D-printed ceramic nanocomposites.  The 

overall scheme for production of ceramic nanocomposites incorporating liquid-phase 

exfoliated metal diboride nanosheets is shown in Figure 4.3. A dispersion of metal 

diboride nanosheets (in this case MgB2) in a volatile solvent is mixed with cross-linkable 

silicone polymers (HMPS and HVMS), a photoinitiator (BAPO), a photoinhibitor 

(MEHQ), and UV absorber (Sudan I). Acetone was chosen instead of IPA for the 
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preceramic polymer resin due to the immiscibility of IPA with the HMPS/HVMS 

mixture. We also found that the solvent acetonitrile (ACN) is miscible with the 

preceramic polymer resins as well, allowing for incorporating other nanomaterials that 

may not exfoliate very well in acetone, such as ZrB2. The mixture was 3D-printed as 

described previously using stereolithography. The solidified preceramic structures were 

then pyrolyzed in a quartz tube furnace to produce the final ceramic products. 

 

 

Figure 4.3 Scheme for producing 3D-printed ceramic/MgB2 nanocomposites. A 

photocurable preceramic polymer resin consisting of crosslinkable silicone polymers, 

MEHQ, BAPO, and Sudan I is mixed with a dispersion of MgB2 nanosheets in acetone. 

The mixture is then rotavapped to remove acetone and subsequently printed using 

stereolithography. After a washing and post-curing step, the as-printed preceramic 

polymer structures are then pyrolyzed to produce the final ceramic/MgB2 

nanocomposites. The MgB2 dispersion can easily be swapped with another metal diboride 

nanosheet composition in a different volatile solvent. 
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The 3D-printed preceramic and ceramic structures are shown in Figure 4.4. As 

seen in Figure 4.4a, compared to the control structure printed without MgB2 nanosheets, 

the structure printed with MgB2 dispersion is noticeably darker in color, indicating 

uniform incorporation of nanomaterial with the polymer matrix. We also incorporated 

ZrB2 nanosheets into preceramic polymers in increasing concentrations using dispersions 

in ACN, as shown in Figure 4.4b.  
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Figure 4.4 Images of preceramic polymer nanocomposite and ceramic nanocomposite 

after pyrolysis. (a) As printed preceramic polymer structures made with and without 

MgB2 nanosheets dispersion. (b) 3D-printed preceramic structures made with increasing 

concentrations of ZrB2 nanosheets dispersed in ACN. Structures made with MgB2 

nanosheet dispersion with measured length and mass before (c) and after (d) pyrolysis.  

View of structures made with MgB2 nanosheet dispersion before (e) and after (f) 

pyrolysis showing the preservation of the internal lattice design. (g) Exposure of MgB2-

ceramic nanocomposite depicting the structure’s resilience to high temperatures even 

after nanosheet incorporation (final image of structure in flame taken by Sanchari Saha).  
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Figure 4.4c and 4.4d show the scale of the MgB2-containing structure before and after 

pyrolysis respectively.  The percent edge length shrinkage is 33.3% and the percent mass 

loss is 49.4%, which are fairly consistent with previously reported values for pyrolyzed 

3D-printed preceramic polymer structures (30% linear shrinkage and 42% mass loss).82 

Figure 4.4e and 4.4f show that the 3D-printed nanocomposites preserve the open 

structure of the cubic lattice design before and after pyrolysis, respectively. As has been 

previously reported, the pyrolyzed ceramic structures can withstand high temperatures, 

and so to demonstrate the preservation of those rigid properties even after nanomaterial 

incorporation, we exposed the MgB2 nanosheet-containing ceramic nanocomposite to a 

portable Bunsen burner as shown in Figure 4.4g, and found that it was able to tolerate the 

high temperatures generated by the flame. However, further experiments are needed to 

assess if the nanosheets offer any particular advantages at such high temperatures 

compared to a ceramic structure without incorporated metal diboride nanosheets.   

4.3 Materials and Methods 

4.3.1 3D-Printing of PR48 and Poly(ethylene glycol) Diacrylate (PEGDA) 

Nanocomposites 

To fabricate 3D-printed PR48 and PEGDA structures, dispersions of chromium 

diboride (CrB2), magnesium diboride (MgB2) and titanium diboride (TiB2) nanosheets 

were first prepared in isopropanol (IPA) using liquid-phase exfoliation. Bulk powders of 

metal diborides were mixed with IPA and subjected to tip ultrasonication followed by 

centrifugation to sediment out larger flakes and aggregates. The supernatant dispersions 

of nanosheets were then collected and mixed via magnetic stirring with resins (either 
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PR48 or PEGDA) overnight. The mixtures were then placed in a rotavap for 15-30 

minutes to remove IPA. The nanomaterial-containing resin was then poured into a resin 

tray and printed using an Ember Precision Desktop 3D Printer from Autodesk. Computer-

generated models were created using Autodesk Fusion 360 software. PR48 resin 

(Colorado Photopolymer Solutions) was used as received in order to generate the 

unmodified PR48 structures. PEGDA resin was prepared by modifying an existing 

protocol.85 The resin was generated by mixing PEGDA (700 g/mol, Sigma Aldrich), 

phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO, Sigma Aldrich), and Sudan I 

dye (Sigma Aldrich) and stirring the mixture via magnetic stir bar for at least 24 hours. 

All printed structures were soaked in IPA overnight and post-cured in a UV chamber with 

a 365 nm wavelength source for 15 minutes. 

4.3.2 3D-Printing of Preceramic Polymer Nanocomposites 

To fabricate the preceramic polymer nanocomposites, a dispersion of MgB2 

nanosheets was first synthesized using the same procedure as described above, but with 

acetone as a solvent instead of IPA. The preceramic polymer resin was prepared by 

modifying a previous protocol.13 First, (mercaptopropyl)methylsiloxane homopolymer 

(HMPS, Gelest) and vinylmethoxysiloxane homopolymer (HVMS, Gelest) were mixed in 

a 1:1 mass ratio, followed by 4-methoxyphenol (MEHQ, Sigma). The mixture was then 

left stirring overnight to allow the MEHQ to properly dissolve. Next, MgB2/ACT or 

ZrB2/ACN dispersion, BAPO, and Sudan I were added and the mixture was rotavapped 

for ~10-15 minutes to remove acetone. The mixture containing the preceramic polymers 

and MgB2 or ZrB2 nanosheets were then 3D-printed as described above. The as-printed 
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structures were soaked briefly in acetone followed by IPA and then left to dry before 

being post-cured for 15 minutes in a UV chamber. 3D-printed preceramic 

nanocomposites were pyrolyzed at 1000°C for 1 hour in a quartz tube furnace to produce 

the final ceramic structures.  Control ceramic structures without incorporation of metal 

diboride nanosheets were synthesized similarly to the above method, except with no 

addition of nanomaterial dispersion. 

4.4 Conclusion 

As there exist a wide variety of photocurable resins suitable for SLA 3D printing, 

the capability of mixing metal diboride nanosheet dispersions with photopolymer 

precursors using our method allows for the potential for a wide variety of nanocomposite 

materials with a vast range of properties. We have shown that this method can be used 

across several different metal diboride and resin compositions. We have also shown that 

this method can be adapted to include other low-boiling point solvents like acetone and 

acetonitrile, which can be more miscible with resins having less hydrogen-bonding or 

more hydrophobic character. 3D-printed nanocomposites containing metal diboride 

ceramic fillers could potentially allow for the production of more thermally stable 3D-

printed architectures, which can have use in microfluidics or chemical reaction-ware 

setups, where high temperatures may be required to allow certain reactions to progress.86  

Incorporating these metal diboride nanofillers into ceramic structures provides another 

way to take advantage of the high-temperature stability of some of the more exceptional 

metal diborides (like those with melting points above 3000°C). Such nanocomposites 

have the potential for higher thermal and oxidative resistance than their ceramic-only 
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counterparts, thus providing benefits in aerospace applications or in other scenarios that 

involve operating under extreme environmental conditions.  
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Chapter 5 

Characterization of Liquid-Phase Exfoliated Boron Carbide 

5.1 Introduction 

  Boron carbide (B4C) is one of the more peculiar members of the carbide family, 

not only for its reputation as being one of the hardest materials on Earth (third only to 

diamond and cubic boron nitride, earning it the nickname “black diamond”), but also for 

its unique crystal structure. It can be envisioned as having both hexagonal and 

rhombohedral symmetry, consisting of icosahedra of boron atoms linearly connected to 

each other intermingled with three-atom chains of boron and carbon.45 Many studies have 

characterized its crystal structure and exceptional mechanical properties under a variety 

of conditions.87–90 In addition to its mechanical properties, B4C is also known to have 

unique electronic properties, such as a high Seebeck coefficient, making it promising as a 

thermoelectric material,91 as well as a large neutron absorption cross section, which has 

allowed it to be used as a filler material in neutron-shielding and neutron-sensing 

composites.92,93 

The exciting properties of B4C make it useful for a variety of applications and 

make it a promising material for use in nanoscale technologies. Many research efforts 

toward synthesizing nanoscale B4C have involved methods of growing B4C 

nanowires,94,95 which have then been used in electrocatalytic applications.96 Although 

there have been reports of various synthesis methods of B4C nanosheets, they consist 

predominantly of high-temperature bottom-up growth or high-energy combustion-
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mediated chemical functionalization approaches,47,48,97 instead of direct exfoliation. 

Boron carbide is not a layered solid and is held together by predominantly covalent 

bonding, as opposed to van der Waals (vdW) forces. Its peculiar crystal structure and 

many intriguing bulk properties make boron carbide a particularly interesting non-vdW 

material to investigate as a potential feedstock for producing 2D nanosheets via LPE. 

Other reports have shown the successful exfoliation via LPE of various non-vdW 

materials such as iron-based ores28,30,98 and titanium metal,53 and our group has recently 

demonstrated the successful production of nanosheets through LPE-processing of non-

vdW metal diborides.58 A previous study has in fact produced 2D nanosheets of B4C via 

LPE and demonstrated their use as catalysts for nitrogen fixation.49 However, the study is 

limited in characterizing the size, composition, and crystal structure of the resulting 

nanosheets. 

We attempt in this study to understand the exfoliation behavior of B4C in greater 

detail and investigate the products of LPE processing of bulk B4C. LPE is shown to be 

effective in producing dispersions of B4C in several different solvents, and AFM and 

TEM characterization are used to characterize their size and morphology. The products 

are found to have flake-like morphologies similar to other LPE-produced nanomaterials, 

and Raman spectroscopy shows that many of the produced flakes show the characteristic 

peaks of B4C. As the structure of B4C is not a layered vdW solid, we investigate in 

greater the detail the crystallographic orientation of the exfoliated nanosheets by first 

predicting several possible exfoliation planes based on previous literature and using 

computational analysis to examine their favorability for exfoliation. We then use 
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HRTEM to experimentally investigate the exposed crystal planes of a number of 

nanosheets. Although several of the computationally analyzed planes were not observed 

as possible exfoliation planes under HRTEM, certain planes such as (3 0 0) and other 

planes within {1 0 0} and {0 1 0} families were found to be some of the most prevalent 

possible exfoliation planes among the examined flakes, suggesting some preference for 

certain cleavage directions over others. 

The closer analysis of the exfoliation of B4C nanosheets processed by LPE lends 

further insight into the exfoliation behavior of uniquely structured non-vdW-derived 2D 

nanomaterials, and it offers interesting directions for further research, including the 

influence of solvents on the preferred cleavage plane of B4C as well as the LPE-

processing of equally unusual non-vdW structures. 

5.2 Results and Discussion 

5.2.1 Production of B4C Nanosheets via LPE 

 The crystal structure of B4C is displayed in Figure 5.1. Unlike many layered vdW 

and anisotropic non-vdW materials, its crystal structure does not appear initially to 

display any preferential routes to top-down exfoliation in order to produce 2D 

nanosheets. Nonetheless, we were able to apply a simple LPE process to produce 

colloidal dispersions B4C nanomaterials in several different solvents, as shown in Figure 

5.1b. 



84 
 

 

Figure 5.1 LPE of B4C nanosheets. a) Views of the crystal structure of B4C along various 

vectors. b) Vials showing dispersions of B4C nanosheets dispersed in different solvents. 

c) TEM image of B4C nanosheet dispersed in IPA. d) AFM analysis of B4C nanosheet 

dispersed in IPA. AFM analysis was performed by Yuqi Guo. 

  

An examination of the synthesized B4C sheets using TEM and AFM shows that 

they possess a flake-like morphology, as seen in Figure 5.1c-d, and flakes as thin as 5 

nm can be produced. Detailed size and thickness distribution analysis for B4C flakes 

dispersed in IPA is presented in Figure C.1 and Figure C.2 within Appendix C, which 

are performed with TEM and AFM imaging respectively. The TEM results show that 

B4C flakes have a larger average area than some metal diboride nanosheet compositions 

(CrB2 dispersed in ACN and MgB2 dispersed in EtOH) reported earlier in this thesis, as 

does the AFM area distribution for B4C flakes. However, the average thickness of the 
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B4C sheets is quite similar to those of CrB2/ACN and MgB2/EtOH nanosheets, in general 

suggesting some similarities in size and thickness across two independent non-vdW-

derived 2D nanomaterials produced by LPE. 

The nanosheets were also analyzed using Raman spectroscopy to verify that the 

B4C chemical structure was maintained after LPE processing. Figure 5.2 summarizes the 

Raman results of two LPE-processed B4C flakes. An optical microscopy image of the two 

flakes is shown in Figure 5.2a.  

 

Figure 5.2 Raman analysis of LPE B4C nanosheets. a) Optical microscopy image of two 

flakes labelled A and B. b) Raman spectra of Flake A, Flake B, and unexfoliated bulk 

B4C powder. All Raman analysis was performed by Yuqi Guo. 

 

 As seen in the Raman spectra in Figure 5.2b, both flakes exhibit the characteristic 

peaks found in unexfoliated bulk B4C powder, suggesting that the chemical composition 
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of the nanosheets remains intact after exfoliation. Important characteristic features of the 

B4C Raman spectra include the peaks within the region from 1000 to 1100 cm-1, which 

correspond to the modes of the boron icosahedron, and the two peaks at 481 cm-1 and 533 

cm-1, which correspond to the C-B-C chain structures.99 Interestingly, across different 

flakes, the relative peak intensities of the 481 cm-1 and 533 cm-1 peaks vary, which has 

been reported to result from differences in carbon content within the 3-atom chains. One 

possible reason for this may depend on the exfoliation plane, which could yield structures 

with surfaces that expose drastically different structures than others, and thus yield 

varying concentrations of carbon content within certain structural features as a result. 

5.2.2 Computational Analysis of Possible Exfoliation Planes 

 B4C does not possess an anisotropic layered structure as other commonly 

exfoliated solids such as graphite, and therefore its exfoliation would be expected to be 

more variable than typical precursors for LPE. However, the bonding along certain 

crystallographic planes within B4C could be more susceptible to exfoliation due to shear 

forces than others. To evaluate the energetics of B4C exfoliation, we chose several 

crystallographic planes that we believed would be more subject to cleave during 

sonication and studied the energetics of bond breakage along said planes using DFT 

analysis. 

 Although there is debate regarding the distribution of carbon and boron 

throughout the B4C structure, specifically with regards to the 3-atom chains, there is 

evidence to support the C-B-C chain arrangement.99 However, the C-B-C arrangement 

requires immensely greater computational power to simulate, and for the purposes of this 
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analysis would not be expected to yield drastically different results. Therefore, for the 

computational analysis, the C-C-C chain arrangement was used for the following DFT 

calculations, and it is expected the insights gained from the calculations are reasonable to 

apply to the C-B-C arrangement of B4C. 

The planes chosen for computational study were the (3 0 0), (0 0 1), (0 1 2), and 

(1 0 1) planes. The (3 0 0) and (0 0 1) planes were chosen due to being parallel to and 

perpendicular to the C-B-C chains, respectively, while the (0 1 2) and (1 0 1) planes 

were chosen as planes oriented at oblique angles relative to the C-B-C chains. For each 

exfoliation plane, several symmetrically equivalent slices were analyzed for their 

formation energies ∆𝐸𝑓 upon cleavage. Figure 5.3 summarizes the results of the DFT 

studies. As seen in the plots of formation energies, of the slices considered for every 

exfoliation plane, there is a minimum energy of formation below 0.150 eV/atom which is 

well within the energy of formation of many common 2D nanomaterials produced via 

exfoliation methods, suggesting that cleavage is possible for any one of the predicted 

orientations.100  
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Figure 5.3 Computation results of possible exfoliation plane favorability. Structural 

diagrams and energy of formation for equivalent symmetrical slices taken of the a) 

(3 0 0), b) (0 0 1), c) (0 1 2), and d) (1 0 1) planes. All computational DFT analysis was 

performed by Adway Gupta and Arunima Singh. 

 

 In addition to examining the energies of formation of the proposed exfoliation 

planes, simulations of the relaxed surface structures after exfoliation along different slices 

were also performed to ascertain why certain symmetrically equivalent slices would be 

more vulnerable to exfoliation than others. It was found that interestingly, destruction of 

the C-B-C chains resulted in more unstable structures than destruction of the boron 
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icosahedra due to the formation of smaller boron structures that compensate for the 

instability caused by collapse of the icosahedra. This finding is supported by another 

work which found that the icosahedra in B4C are not as stable as previously theorized,101 

and raises intriguing possibilities regarding the possible exfoliation pathways of B4C. 

5.2.3 Experimental Determination of B4C Exfoliation Plane 

 After analyzing the energetics of some expected exfoliation planes, HRTEM was 

used to examine experimentally the exfoliation behavior of LPE B4C nanosheets. Over 30 

flakes were analyzed via HRTEM to evaluate the preferred cleavage plane of B4C 

nanosheets. Images of each flake were collected and the spots in the FFTs of each image 

were indexed to Miller indices of B4C planes according to diffraction data from the 

International Centre for Diffraction Data (ICDD). The cross products of pairs of indexed 

crystallographic vectors were then calculated to obtain the Miller indices of the possible 

exfoliation plane for a given flake, a method used in the determination of cleavage planes 

for other non-vdW-derived 2D nanomaterials.29,98 A subset of results of the HRTEM 

analysis are shown in Figure 5.4. Several examples of flakes with possible exfoliation 

planes within the {1 0 0} and {0 1 0} families are depicted, which includes the (3 0 0) 

plane studied with computational analysis. Additionally, many cleavage planes were 

calculated from the experimental HRTEM results that were not studied computationally, 

including the  (4 1̅ 1̅) and (2 2̅ 1) planes. However, it should be noted that none of the 

other planes examined earlier in this report were observed even once among the 39 flakes 

analyzed. It should also be noted that planes belonging {1 0 0} and {0 1 0} families were 
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among the most common across the measured flakes, suggesting a preferred plane for 

exfoliation of B4C nanosheets produced with LPE processing in IPA. 
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Figure 5.4 HRTEM results for B4C cleavage plane determination. Column a) shows 

image of entire flake. Column b) shows a zoomed in region of the flakes in column a) 

with the inset FFT annotated to show the indexed dots chosen for the cross product 

calculation. Column c) shows the structures of B4C with red lines representing the 

indicated cleavage plane as calculated from the indexed dots in the inset of column b). 
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However, it is clear from the variety of different calculated exfoliation planes 

across multiple flakes that B4C has quite diverse exfoliation behavior, suggesting that it 

can be cleaved along different crystallographic planes with somewhat similar 

favorability, an observation that correlates with the DFT analysis of several different 

cleavage orientations, only one of which (i.e. the (3 0 0) plane) was observed. A more 

rigorous study aimed at determining the most favorable crystal plane under certain 

sonication conditions and solvents could be a very informative and fascinating study on 

the energetics of B4C LPE processing, and could also possibly pave the way for facet-

controlled LPE of B4C, which could prove useful for applications that show a dependence 

on exposed crystal facet orientation.49 

5.3 Materials and Methods 

5.3.1 Computation Analysis of Potential Exfoliation Planes 

 The energy of exfoliation for possible exfoliation planes was studied using first-

principles simulations based on DFT using the projector-augmented wave (PAW) method 

as implemented in the plane-wave code VASP.102–105 Simulations were performed using 

the vdW-DF-optB88 exchange-correlation functional for its ability to describe non-local 

vdW interactions in materials.106–108 A k-point density of 40 Å-1 with a 600 eV energy 

cutoff results in an accuracy of the total energies of 5 meV/atom. The structures were 

relaxed until the forces on the atoms are less than 0.005 eV/Å. The simulations of B4C 

with cleavage along the different planes and different surface terminations were 

performed in a slab geometry with minimum slab thickness of 15 Å and a minimum 
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vacuum spacing of 15 Å. To eliminate effects from surface dipoles, symmetric slabs 

generated by the pymatgen package,109 were used. 

 In order to assess the stability of the slabs resulting from exfoliation of different 

cleavage planes, formation energies were defined and calculated according to Equation 

5.1 below. 

∆𝐸𝑓 =  

(𝐸𝑠𝑙𝑎𝑏−𝑁𝑠𝑙𝑎𝑏
𝐶 𝐸𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒

𝑁𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒
𝐶 −𝑁𝑠𝑙𝑎𝑏

𝐵 𝐸𝛼−𝐵𝑜𝑟𝑜𝑛

𝑁𝛼−𝐵𝑜𝑟𝑜𝑛
𝐵  )

𝑁𝑠𝑙𝑎𝑏
   (5.1) 

where 𝐸𝑠𝑙𝑎𝑏, 𝐸𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒, 𝐸𝛼−𝐵𝑜𝑟𝑜𝑛 are the energies of the slab, bulk graphite and bulk -

boron respectively. 𝑁𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒
𝐶 , 𝑁𝛼−𝐵𝑜𝑟𝑜𝑛

𝐵  are the number of atoms of carbon and boron in 

their respective bulk structures and 𝑁𝑠𝑙𝑎𝑏
𝐵 , 𝑁𝑠𝑙𝑎𝑏

𝐶 , 𝑁𝑠𝑙𝑎𝑏
𝐵  are the number of total atoms, 

carbon atoms and boron atoms in the slab. The crystal structure of graphite from 

Materials Project ID mp-568286,110 was used as the bulk counterpart of carbon. For the 

bulk counterpart of boron, ground state structure of boron, 𝛼-boron, defined by the space 

group R3m and the Materials Project ID mp-160 was used. Since the structure of 𝛼-boron 

is very similar to that of B4C with similar boron icosahedra at the corners of the unit cell, 

it was a suitable choice for the bulk boron. 

 All DFT computational analysis was performed by Adway Gupta and Arunima 

Singh.  

5.3.2 Synthesis of B4C Nanosheet Dispersions 

 For a general synthesis, some amount of bulk B4C powder (< 10 μm 98%, Sigma 

378119) was mixed with a solvent and subjected to tip or bath sonication for 1-2 hours, 
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followed by centrifugation for 2-4 minutes. The supernatant containing the B4C 

nanosheets was then collected and used for experiments. 

5.3.3 Morphology Characterization of B4C Nanosheets: Transmission Electron 

Microscopy (TEM) and Atomic Force Microscopy (AFM) 

 For TEM analysis, the liquid dispersion was dropped onto lacey carbon grids and 

imaged using a Philips CM-12 TEM under an operating voltage of 80 kV. Samples for 

AFM analysis were prepared by spin-coating liquid dispersions of B4C nanosheets onto 

sapphire substrates precleaned with acetone and IPA. AFM imaging was performed using 

a Bruker Multimode V instrument in non-contact mode using ScanAsyst-Air tips. AFM 

images were analyzed using Gwyddion software.67 

5.3.4 Raman Spectroscopy 

 Raman analysis was performed using a WITec alpha300R confocal Raman 

microscope system with a laser excitation wavelength of 532 nm.  

5.3.5 Exfoliation Plane Determination Using High-Resolution Transmission Electron 

Microscopy (HRTEM) 

 HRTEM samples were prepared similarly to low-resolution TEM samples. Liquid 

dispersions of B4C in IPA were drop-casted onto lacey carbon grids. Imaging was 

performed on an FEI Titan HRTEM under an accelerating voltage of 300 kV.  

 In order to calculate an observed exfoliation plane, the lattice spacings on the Fast 

Fourier Transforms (FFTs) of HRTEM images were analyzed. Sets of d-spacings were 
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indexed to specific sets of Miller indices according to PDF Card 00-035-0798. A cross 

product calculation was then performed on two sets of d-spacings to determine the cross-

product, which indicated a possible plane of exfoliation. The determination of possible 

exfoliation planes was based on the ideal assumption that the flakes were lying flat on the 

TEM grid and that the observed planes are oriented parallel to the beam direction. 

5.4 Conclusion 

 Non-vdW solid B4C powders were used to produced B4C nanosheets via LPE 

processing. The exfoliation of B4C was shown to be robust across multiple solvents, 

suggesting that the flakes can be stabilized in a variety of different solution environments. 

Their 2D flake-like morphology was characterized by TEM and AFM analysis, in 

addition to their lateral size and thickness, which were shown to match that of other 

nanosheets produced via LPE of non-vdW solid compositions. 

 As bulk solid B4C is not typically investigated for its ability to be exfoliated, and 

does not have a clear anisotropy in its crystal structure, four possible exfoliation planes 

were chosen and evaluated by DFT analysis for their formation energy upon cleavage, 

where it was found that each plane could yield stable exfoliated structures based on 

formation energies of known exfoliable nanomaterials.  

 Possible exfoliation planes were then experimentally examined using HRTEM 

analysis, which yielded many different exfoliation planes, some of the most common 

being from the {1 0 0} and {0 1 0} crystal plane families, which are both symmetrically 

equivalent to one of the computationally examined (3 0 0) crystal planes. The other three 
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planes evaluated by DFT calculations meanwhile were not observed at all as possible 

exfoliation planes. However, some planes not examined by DFT analysis were observed, 

including the (4 1̅ 1̅) and (2 2̅ 1), along with many others to varying degrees of 

frequency. The observation of several different crystal planes, combined with the DFT 

analysis predicting several different stable configurations of exfoliated nanosheets 

suggests that the exfoliation behavior of B4C is highly variable, and can result in 

nanostructures with a diversity of exposed crystal facets. Such exfoliation behavior 

makes B4C a unique feedstock for LPE nanosheet production, and possibly one with 

many different uses if the exfoliation plane can be optimized via sonication conditions or 

choice of solvent. These subjects would provide fascinating starting points for future 

research, as would the continued search for other non-vdW solids with complex crystal 

structures that show similar exfoliation behavior when processed via LPE.  
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Chapter 6 

Conclusion 

This thesis discussed the synthesis and characterization of 2D nanosheets produced 

from non-vdW solids through the process of LPE. The metal diborides and boron carbide 

materials studied in this work have exceptional mechanical and chemical properties, 

owing in part to their rigid bonding structures, making their processability into solution-

phase nanomaterials via a simple sonication process more intriguing. As shown in 

Chapter 2, the dispersed nanosheets of metal diborides can enhance the mechanical 

properties of typical polymer films, and Chapter 4 suggests that more complicated 

structures such as 3D-printed objects also have the potential to be enhanced from 

incorporation of metal diboride nanosheets. In terms of preparing high concentrations of 

metal diboride nanomaterials, Chapter 3 showed that the solvent preferences of two 

representative 2D metal diborides are not exceptionally different from typical vdW-

derived nanomaterials based on their calculated Hansen solubility parameters. 

Additionally, like with other solution-phase nanostructures, their exfoliation can be 

enhanced by optimizing the mixtures of two individually poor exfoliating solvents, 

granting more flexibility in producing higher concentrations of nanosheets with particular 

solvents. 

Chapter 5 showed the complexity that can be involved in processing non-vdW solids 

into nanosheets via the LPE process. While 2D nanosheets of boron carbide can be 

produced and they appear to have flake-like morphology and size metrics similar to other 

2D nanomaterials, their cleavage during exfoliation is more complicated due to their 
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more isotropic structure. These findings suggest that LPE-processed boron carbide may 

have a variety of exposed crystal facets due to the multiple cleavage planes observed in 

experiments and computational analyses. 

With a better understanding of the properties and processing of non-vdW 

nanomaterials produced via LPE, future research endeavors can be more appropriately 

guided on how to pursue other unexplored non-vdW-derived 2D nanomaterials, as well 

as what to expect from such experiments. This understanding can also help guide those 

who seek to take advantage of the ever-growing group of non-vdW solids processable via 

LPE for new and exciting applications in technology and engineering. 
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Figure A.1 Optical spectra and concentration data for metal diboride nanosheets. a) UV-

Vis-NIR optical extinction spectra of all 8 exfoliated compositions. b) Concentrations of 

metals in dispersions of every metal diboride composition in 6 different solvents 

measured by ICP-MS. c) Extinction versus concentration plot used to determine the 

extinction coefficient of CrB2 dispersion. d) Fraction of nanosheet dispersion remaining 

after several weeks of several weeks for 2 metal diboride compositions in different 

solvents. Figure taken from Yousaf et al.58 All ICP-MS data was collected by Trevor 

Martin. 
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Figure A.2 TEM size distribution analysis of metal diboride nanosheets. Representative 

TEM images and area distribution histograms of a-h) MgB2 nanosheets dispersed in DMF 

after different centrifugation conditions and i-j) HfB2 nanosheets dispersed in EtOH. 

Dashed lines in area distribution histograms represent average area of flakes observed for 

each sample. Figure taken from Yousaf et al.58 
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Figure A.3 AFM thickness and size distribution analysis of metal diboride nanosheets. 

Representative AFM images of a) HfB2 nanosheets dispersed in EtOH and b) MgB2 

nanosheets dispersed in DMF. c-d) Thickness distribution histograms for HfB2 and MgB2 

nanosheets respectively. e-f) Area distribution histograms for HfB2 and MgB2 nanosheets 

respectively. Line profile measurements based on images in a) and b) for g) HfB2 and h) 

MgB2 nanosheets. Dashed lines in c-f) depict average values of the samples’ thickness 

and area. AFM imaging and size and thickness distribution analysis were performed by 

Yuqi Guo. Figure taken from Yousaf et al.58 
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Figure A.4 PXRD patterns of powders of exfoliated MgB2 and ZrB2 nanosheets. The 

patterns of the exfoliated powders are shown along with patterns collected for their 

respective bulk powders and patterns contained within Powder Diffraction Files (PDF) 

from the International Centre for Diffraction Data (ICDD). Figure taken from Yousaf et 

al.58 
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Figure A.5 Wide-scan EELS spectrum and EDX spectrum of HfB2 nanosheets. a) EELS 

spectrum showing both B-K edge region and Hf-M edge region. b) HRTEM-EDX 

spectrum of HfB2 nanosheets showing the most prominent elements found within the 

sample. The hafnium and oxygen are attributed to the flake, while the carbon and copper 

are attributed to the lacey carbon TEM grids used for imaging. The EELS spectrum was 

collected by Shery Chang, and the EDX spectrum was collected by Ahmed Yousaf. 

Figure taken from Yousaf et al.58 
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Figure A.6 FTIR spectra of MgB2 and CrB2 nanosheets exfoliated in IPA and ACN 

respectively, along with their bulk counterparts. Exfoliated samples were analyzed as 

powders after centrifugation and drying of the liquid dispersions. Both exfoliated samples 

show the presence of certain oxygenated boron functional groups that were absent or 

minimal in their unexfoliated bulk counterparts. Figure taken from Yousaf et al.58 
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Table A.1 Mechanical analysis results for PVA metal diboride nanocomposites 

compared to other nanomaterial fillers. 

Polymer 

nanocomposite 

Preparation 

method 

Change in 

elastic modulus 

(GPa) 

Change in 

ultimate tensile 

strength (MPa) 

Comments References 

CrB2/PVA Direct 

sonication 

(0.27 wt%) 

3.26 → 4.01 

(23% increase) 

87.70 → 129.84 

(48% increase) 

No size 

sorting 

This work 

Size-Sorted 

Graphene/PVA 

Direct 

sonication 

(0.36 v%) 

3 → 4.9 

(63% increase) 

100 → 190 

(90% increase) 

Size-sorted 

larger sheets 

Ref.61 

GO/PVA Sonication 

in water and 

mixing with 

PVA 

solution (0.7 

wt%) 

2.13 → 3.45 

(62% increase) 

49.9 → 87.6 

(76% increase) 

 Ref.62 

Size-Sorted 

MoS2/PVA 

Sonication 2.8 → 3.2 

(14% increase) 

108 → 127 

(18% increase) 

Size-sorted 

sheets 

Ref.64 

BN/PVA Direct 

sonication 

(0.1 v%) 

2.5 → 3.4 

(36% increase) 

105 → 140 

(33% increase) 

Size-sorted 

sheets 

Ref.65 

f-SWNT/PVA Mixing  

(0.8 wt%) 

2.4 → 4.3 

(79% increase) 

73 → 107 

(47% increase) 

OH-

functionalized 

nanotubes 

Ref.66 
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Figure B.1 UV-Vis-NIR spectra of CrB2 and MgB2 dispersed in their top five respective 

solvents. 

 

 

 

Figure B.2 Extinction coefficients for CrB2 and MgB2 nanosheets in their best solvents 

ACN and EtOH, respectively. 
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Figure B.3 TEM size distribution histograms of CrB2 and MgB2 nanosheets dispersed in 

best solvent for each material. 
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Figure B.4 AFM size distribution histograms of CrB2 and MgB2 nanosheets dispersed in 

best solvent for each material. The dashed lines indicate the average values of nanosheet 

area (top row) and thickness (bottom row). AFM analysis was performed by Yuqi Guo. 
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Figure B.5 Example AFM images and associated line profiles for CrB2 and MgB2 

nanosheets dispersed in their best respective solvents. AFM imaging was performed by 

Yuqi Guo. 
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Table B.1 Solvents, viscosities and centrifugation times for all solvents used in this 

Hansen solubility parameter analysis of metal diboride nanosheets. 

Solvent δD 

(MPa1/2) 

δP 

(MPa1/2) 

δH 

(MPa1/2) 

Viscosity 

(mPa*s) 

Centrifugation 

time at 5000 

RCF (min) 

EtOH 15.8 8.8 19.4 1.083 2.0 

IPA 15.8 6.1 16.4 2.044 4.0 

ACT 15.5 10.4 7 0.303 0.5 

DMSO 18.4 16.4 10.2 1.991 4.0 

CHO 17.8 8.4 5.1 2.200 4.5 

CPO 17.9 11.9 5.2 1.307 2.5 

1VP 16.4 9.3 5.9 2.070 4.0 

BB 20 5.1 5.2 8.292 16.5 

DMPU 17.8 9.5 9.3 3.111 6.0 

GBL 18 16.6 7.4 1.718 3.5 

DMAc 16.8 11.5 9.4 0.927 2.0 

DBE 19.6 3.4 5.2 4.654 9.5 

1EP 18 12 7 2.022 4.0 

CF 17.8 3.1 5.7 0.536 1.0 

DCB 19 4.3 2 1.324 2.5 

EtAc 15.8 5.3 7.2 0.426 1.0 
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Table B.1 (continued) 

1,3-dioxolane 18.1 6.6 9.3 0.600 1.0 

Quinoline 20.5 5.6 5.7 2.997 6.0 

BA 19.4 7.4 5.3 1.321 2.5 

DMP 18.6 10.8 4.9 17.200 34.5 

Pyr 19 8.8 5.9 0.884 2.0 

EtGly 17 11 26 16.100 32.0 

Toluene 18 1.4 2 0.553 1.0 

Hexane 14.9 0 0 0.294 0.5 

Pentane 14.5 0 0 0.225 0.5 

DMF 17.4 13.7 11.3 0.802 1.5 

NMP 18 12.3 7.2 1.666 3.5 

ACN 15.3 18 6.1 0.341 0.5 

FAm 17.2 26.2 19 3.302 6.5 

BN 18.8 12 3.3 1.237 2.5 

MeOH 14.7 12.3 22.3 0.551 1.0 

DCM 17 7.3 7.1 0.411 1.0 

1,4-dioxane 17.5 1.8 9 1.194 2.5 
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Table B.2 Extinction data for CrB2 under viscosity corrected and constant centrifugation 

conditions. 

Viscosity corrected centrifugation Standard centrifugation: 4 min 

Solvent Extinction 

(a.u.) 

Std. dev. Solvent Extinction 

(a.u.) 

Std. dev. 

ACN 0.8389 0.5392 DMP 1.4069 0.5975 

ACT 0.7991 0.0647 DMPU 0.7487 0.0324 

GBL 0.7601 0.0550 GBL 0.6460 0.0382 

IPA 0.4645 0.0563 EtGly 0.6304 0.1628 

DMPU 0.4295 0.0217 IPA 0.4645 0.0563 

BN 0.3890 0.1043 FAm 0.4350 0.0696 

FAm 0.3250 0.0343 BN 0.2297 0.0835 

EtGly 0.2385 0.0883 Quinoline 0.2280 0.1864 

Quinoline 0.1959 0.1613 CHO 0.1465 0.0311 

DCB 0.1837 0.1538 BB 0.1254 0.0650 

BA 0.1377 0.1382 DCB 0.1072 0.0883 

CHO 0.1373 0.0328 Pyr 0.0696 0.0711 

DMP 0.0971 0.0500 ACT 0.0672 0.0015 

Pyr 0.0870 0.0802 ACN 0.0672 0.0269 

EtOH 0.0855 0.0821 BA 0.0671 0.0620 

1VP 0.0486 0.0179 1VP 0.0486 0.0179 
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Table B.2 (continued) 

DMSO 0.0452 0.0244 DBE 0.0483 0.0071 

Dioxolane 0.0302 0.0063 DMSO 0.0452 0.0244 

BB 0.0285 0.0086 EtOH 0.0328 0.0203 

CF 0.0279 0.0123 Hexane 0.0214 0.0255 

DCM 0.0246 0.0399 1EP 0.0198 0.0058 

DBE 0.0230 0.0130 1,4-dioxane 0.0176 0.0013 

EtAc 0.0198 0.0144 Dioxolane 0.0166 0.0031 

1EP 0.0198 0.0058 DMF 0.0076 0.0020 

1,4-dioxane 0.0128 0.0075 DMAc 0.0074 0.0005 

DMAc 0.0115 0.0051 CF 0.0072 0.0036 

DMF 0.0105 0.0032 EtAc 0.0059 0.0006 

MeOH 0.0082 0.0021 NMP 0.0059 0.0004 

NMP 0.0059 0.0016 MeOH 0.0044 0.0017 

Hexane 0.0033 0.0042 DCM 0.0040 0.0069 

CPO 0.0029 0.0016 CPO 0.0027 0.0020 

Pentane 0.0003 0.0000 Pentane 0.0015 0.0006 

Toluene 0.0000 0.0000 Toluene 0.0002 0.0002 
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Table B.3 Extinction data for MgB2 under viscosity corrected and constant centrifugation 

conditions. 

Viscosity corrected centrifugation Standard centrifugation: 4 min 

Solvent Extinction 

(a.u.) 

Std. dev. Solvent Extinction 

(a.u.) 

Std. dev. 

EtOH 6.2591 0.8254 EtGly 2.7360 0.5488 

DMF 4.0793 0.3286 EtOH 2.7299 0.3444 

MeOH 2.8630 0.6310 Quinoline 2.5065 0.6344 

Pyr 2.7766 0.7647 IPA 2.2498 1.2988 

IPA 2.2498 1.2988 NMP 2.1639 0.4467 

NMP 1.7242 0.3692 DMF 1.4310 0.1451 

Quinoline 1.6970 0.4659 Pyr 1.3287 0.3850 

ACT 1.6832 1.0784 DMP 0.7563 0.6156 

BA 1.2668 0.2582 1EP 0.7241 0.8556 

ACN 0.7585 0.3740 BA 0.6430 0.2186 

1EP 0.7241 0.8556 DMPU 0.3148 0.3036 

Dioxolane 0.3904 0.1613 ACT 0.1589 0.1129 

EtGly 0.3456 0.0903 Dioxolane 0.1507 0.0558 

DMPU 0.1691 0.1561 BB 0.1422 0.0544 

GBL 0.1200 0.0797 GBL 0.1018 0.0697 

BN 0.0932 0.0941 DMSO 0.0909 0.0509 
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Table B.3 (continued) 

DMSO 0.0909 0.0509 MeOH 0.0814 0.0351 

DMP 0.0461 0.0085 ACN 0.0601 0.0135 

FAm 0.0419 0.0211 BN 0.0506 0.0319 

EtAc 0.0416 0.0289 DBE 0.0468 0.0089 

DBE 0.0320 0.0057 FAm 0.0436 0.0069 

1,4-dioxane 0.0275 0.0039 1,4-

dioxane 

0.0264 0.0051 

Hexane 0.0273 0.0093 DCB 0.0128 0.0058 

CHO 0.0176 0.0037 CHO 0.0117 0.0048 

DCB 0.0130 0.0048 EtAc 0.0106 0.0095 

DMAc 0.0121 0.0038 Hexane 0.0102 0.0073 

BB 0.0098 0.0133 DMAc 0.0070 0.0010 

Pentane 0.0064 0.0038 Pentane 0.0060 0.0010 

CPO 0.0054 0.0030 CF 0.0052 0.0023 

CF 0.0042 0.0013 Toluene 0.0041 0.0037 

1VP 0.0027 0.0010 DCM 0.0034 0.0034 

Toluene 0.0018 0.0004 1VP 0.0027 0.0010 

DCM 0.0009 0.0004 CPO 0.0023 0.0008 
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Table B.4 Calculated HSPs for metal diborides based on extinction for both viscosity 

corrected and standard centrifugation conditions. 

Material δD (MPa1/2) δP (MPa1/2) δH (MPa1/2) 

CrB2 (viscosity corrected) 17.11 12.43 9.03 

CrB2 (standard) 17.82 11.59 10.85 

MgB2 (viscosity corrected) 16.94 10.16 12.94 

MgB2 (standard) 17.67 9.42 12.83 

Graphene1 18.0 9.3 7.7 

MoS2
2 17.8 9 7.5 

Germanane (1 hr. sed.)3 24.69 11.21 17.73 

Stacked silicane (2 hr. sed.)4 20.41 15.91 14.09 

Mg3Al-NO3
5 17.2 10.0 26.1 

 

The weighted standard deviations for the HSPs of both materials were calculated using 

Equation B.1 below: 

 

 𝑠𝑤 =  √
∑ 𝑤𝑖(𝛿𝑖− �̅�)

2𝑁
𝑖

(𝑁′−1) ∑ 𝑤𝑖
𝑁
𝑖

𝑁

 𝑥 2     (B.1) 
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where 𝛿𝑖 is the HSP value of a solvent, 𝛿̅ is the determined HSP value for a metal 

diboride nanosheet, 𝑤𝑖 is a weight value between 0 and 1 given to each solvent 

represented by the extinction of the dispersion in a given solvent divided by the highest 

extinction across all solvents for the given metal diboride, 𝑁 is the number of solvents, 𝑁′ 

is the number of solvents with a non-zero weight (extinction above zero). 

 

Table B.5 Weighted standard deviations 𝑠𝑤 for the HSPs of both materials under 

viscosity corrected conditions. The values are weighted by extinction normalized to most 

concentrated sample (highest average extinction) for each material. 

Material δD (MPa1/2) δP (MPa1/2) δH (MPa1/2) 

CrB2 (viscosity corrected) 1.85 7.94 9.68 

MgB2 (viscosity corrected) 1.71 4.00 7.45 
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APPENDIX C 

SUPPLEMENTALARY INFORMATION FOR CHAPTER 5 
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Figure C.1 TEM size distribution analysis of B4C nanosheets. a) Sample TEM image 

used for area measurements. b) Area distribution of 146 B4C flakes dispersed in IPA. 
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Figure C.2 AFM size distribution analysis of B4C nanosheets. a) Sample AFM image of 

B4C dispersed in IPA used for area and thickness distribution analysis. b) Line profiles 

showing the thickness of selected flakes labelled in a). c) and d) Histograms summarizing 

the results for thickness and area, respectively of 169 measured flakes. AFM imaging and 

analysis performed by Yuqi Guo. 
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APPENDIX D 

CAUTIONARY NOTE FOR LPE PROCESSING OF HARD CERAMICS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



137 
 

 

Cautionary note for LPE processing of hard ceramics 

As mentioned in several of the experimental methods, both bath and tip sonication 

were utilized to produce 2D nanomaterials via LPE, and as can be expected, many 

samples had to be produced to generate the data reported in this thesis. While both 

methods can successfully produce dispersions of 2D nanosheets (vdW-derived and non-

vdW-derived), tip sonication is known to produce higher concentrations of nanosheets 

due to its direct contact with the sample mixture. 

With materials such as graphite and transition metal dichalcogenides, tip sonication 

does not present very many problems. However, many of the materials used in this work 

are known for their exceptional hardness. We noticed in our experiments that the 

sonicator tips used for tip sonication of certain metal diborides and boron carbide 

degraded much faster than those used for other materials. An image comparing a 

corroded tip used for exfoliating metal diborides which can no longer function (A) and a 

new tip (B) is shown in Figure D.1a. The used tip exhibits clear signs of corrosion 

damage, and when lined up evenly with the new tip in the right image of Figure D.1a, 

the used tip is noticeably shorter, with numerous pits and holes across its length, 

indicating a significant loss of the titanium-containing alloy that the tip is composed of. 
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Figure D.1 Titanium contamination from sonicator tip corrosion. a) Pictures of a broken 

tip used for LPE processing of metal diborides (A) and a new tip (B). b) Concentration of 

titanium in dispersions of CrB2 prepared with different centrifugation times. CrB2 

concentrations were extrapolated stoichiometrically from chromium concentrations 

determined from ICP-MS. c) Concentrations of titanium in tip-sonicated dispersions of 

different nanomaterials. Note that the mass of starting powder used for CrB2 was twice as 

high as from graphite and MoS2 for the plot in c). All ICP-MS data was collected by 

Trevor Martin. 

 

Further analysis of the metal concentrations found within tip-sonicated samples is shown 

in Figure D.1b-c. ICP-MS analysis of CrB2 dispersions in PVA produced using tip 

sonication showed a high amount of titanium present in the dispersions, exceeding the 

concentration of CrB2 as shown in Figure D.1b. A comparison to other dispersions of 
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different nanomaterials prepared using the same tip show that the titanium concentration 

of the dispersion of CrB2 is far higher than that for graphene or MoS2 as depicted in 

Figure D.1c. While it is important to point out that the mass of starting material used to 

prepare the CrB2 dispersion studied in Figure D.1c was approximately twice that of the 

starting material for the graphene and MoS2 dispersions, the increase in titanium 

concentration within the CrB2 dispersion by a factor of over 7 times that of the MoS2 

dispersion and of over 30 times that of the graphene dispersion make it highly unlikely 

that the amount of starting material is the major cause of the difference in titanium 

concentrations. It should also be noted that for a certain dispersion of CrB2 in PVA 

produced by tip sonication, an extinction coefficient of close to 300 mL/mg*cm was 

calculated, suggesting that perhaps CrB2 was not the only light-scattering solid present in 

solution, with corroded particles from the sonicator tip being the likely other culprit. For 

certain experiments, these titanium contaminants do not necessarily present issues, but 

where quantities of solids in weight percent mattered, as in the mechanical testing of 

PVA nanocomposites in Chapter 2, or where optical extinction measurements were used 

to assess exfoliation effectiveness, as in Chapter 3, the issue of titanium contamination 

due to tip sonication could not be ignored. In fact, those experiments were first carried 

out with tip sonication, but later optimized and repeated with bath sonication to avoid the 

issue of titanium contamination leading to erroneous results.  

Tip sonication can be a powerful and effective tool for producing nanosheets from 

bulk solid powders via LPE, but when working with hard materials some caution should 

be used. At the very least it is the recommendation of this writer that titanium 



140 
 

concentrations should be measured regularly to monitor the possible corrosion of tips 

used for producing nanosheets from such solids, and bath sonication should be used 

whenever possible. 
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APPENDIX E 

REGARDING THE LPE OF METAL DIBORIDES IN WATER 
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Regarding the LPE of metal diborides in water 

All of the dispersions discussed throughout the experiments presented in the 

preceding chapters involved dispersing media comprised of organic solvents or aqueous 

polymer/surfactant solutions, but none using just water alone. In fact, experiments were 

performed to analyze the effectiveness of water in dispersing both the metal diborides 

and boron carbide. It interestingly was found that water could exfoliate boron carbide 

rather effectively but results for dispersing the eight compositions of metal diborides 

discussed in Chapter 2 in addition to vanadium diboride (VB2) were a bit more peculiar. 

In brief, all metal diboride compositions exhibited negligible exfoliation in water except 

TiB2 and VB2. The water-based LPE of TiB2 has been previously reported,1 though while 

VB2 is studied for its mechanical properties and use in electrocatalysis,2,3 its aqueous 

chemistry is often unmentioned and its ability to be exfoliated into nanosheets via LPE 

remains unreported. Even more interesting is the fact that VB2 appears to chemically 

react with water over time, as depicted in Figure E.1a by the changing color of the 

water-mediated LPE VB2 dispersion over the course of several days. The TEM images in 

Figure E.1b suggest that while producing nanosheets of VB2 in water via LPE is 

possible, those nanosheets undergo a drastic morphological change quite rapidly (within 

hours or days) into what appear to be thin folded structures. In contrast, VB2 nanosheets 

can also be prepared in IPA, but appear not to exhibit the same morphological changes 

that their aqueous counterparts due. However, when treating IPA-dispersed VB2 

nanosheets with increasing amounts of water, it can be observed that the transition to a 

more folded morphological structure can be obtained, accompanied by the observed color 
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change in solution observed with H2O-processed VB2 solutions over time, the results of 

which are summarized in Figure E.1c-d. 

 

Figure E.1. Aqueous chemistry of LPE-processed VB2 nanosheets. a) Vials of dispersion 

of VB2 produced via LPE in water immediately after synthesis and after several days. b) 

TEM images of VB2 nanostructures produced in a) after synthesis and over a week later. 

c) Vials containing VB2 dispersions prepared in IPA mixed with an increasing added 

volume ratio of water both immediately after mixing and 1 day later. d) TEM images of 

VB2 nanosheets dispersed in IPA (H2O:IPA of 0:1) and of VB2/IPA nanosheets after 

mixing with increasing volume ratios of water. 
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The chemistry of VB2 in water closely resembles in morphological changes and 

solution color changes the behavior of other metal diborides processed in aqueous 

solutions such as MgB2 processed simply in water and TiB2 mixed with hydrogen 

peroxide.4,5 The behavior of VB2 in aqueous solution represents yet another interesting 

facet of nanostructured metal diborides and more broadly, nanostructured non-vdW 

solids, produced with solution-phase exfoliation techniques. It also suggests that even 

more exciting interactions at the nanoscale are still yet to be explored for these 

unconventional sources for liquid-phase exfoliated nanomaterials.  
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