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ABSTRACT OF THE DISSERTATION

Exploring the Morphology Control and Formation Mechanisms of Ultra-High Temperature

Ceramic Particles: A Study on Tantalum Carbide

by

Tianqgi Ren

Doctor of Philosophy in Materials Science and Engineering
University of California San Diego, 2021

Professor Olivia A. Graeve, Chair

Tantalum carbide (TaC) belongs to a class of materials known as ultra-high temperature
ceramics (UHTCs) with unique combinations of physical, chemical and electronic properties. The
following study presents for the first time the morphologically controlled synthesis of TaC
nanoparticles using a modified solvothermal method. X-ray diffraction revealed that highly
crystalline TaC can be obtained with excellent phase purity. Doping by metallic species is shown
to have significant impact on the final morphology of TaC nanoparticles. The shape selectivity

and morphology evolution from round/irregular shapes to cubes and cuboctahedrons varies with

Xviii



the type of dopant, including Ni, Fe, Co, Y and Ni-Ti co-doping. Statistical abundance of over
80% particles with high-faceted morphologies were observed, significantly surpassing that of
undoped samples (around 10%). Experimental interpretation was coupled by the Density
Functional Theory (DFT) based calculation to probe the fundamental mechanisms responsible for
the dopant-induced change in the growth habit of TaC nanoparticles. It was found that the major
formation mechanisms include surface segregation of dopants, atomic orbital interaction between
dopants and carbon, which caused the change in relative growth rate of facets. The probability of
forming one type of faceted particles over another is governed by the surface energy distributions.
The mechanisms and techniques explored herein are expected to be generally applicable to other
transition metal-based ceramics thereby providing an unprecedented pathway towards the
morphology tailoring of high-temperature materials. Principles of crystal growth and prior works
for morphologically controlled synthesis of a variety of inorganic materials were also thoroughly

reviewed.
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Chapter 1

Introduction
1.1. Ultra-high Temperature Ceramics

Throughout history mankind has been striving to push the limits of materials for

applications in harsh environments where high temperatures, high pressures and strong corrosivity
often coexist. These environments typically require materials that possess high melting
temperatures, high chemical stability, and other properties to achieve required durability and
usability on a most cost-effective basis. Ultra-high temperature ceramics (UHTCs) are a class of
materials that are promising to withstand such extreme conditions. Although the generally
accepted definition of UHTCs states that these materials have melting temperatures greater than
2773 K, it is the high thermal conductivity that gives certain UHTC materials the advantage to be
utilized in high-temperature applications, such as thermal protection for space re-entry vehicles
and rocket nozzles.!"? The use of UHTCs, specifically non-oxide ceramics, including transition
metal carbides (TMCs), borides (TMBs) and nitrides (TMNSs), in aviation industry has been
pursued in the 1960’s and early 70’s primarily by the United States Air Force.>!° Due to the nature
of military-based research, the publications related to UHTCs remained dormant for decades until
the National Aeronautics and Space Administration (NASA) regained interest in developing
UHTC materials for application in sharp leading edge components in hypersonic flight

11-14 Tn the design of the Space Shuttle, a blunt nose and blunt leading edge were used

conditions.
mainly for the purpose of reducing the aerodynamic heating developed during atmospheric re-
entry (Figure 1-1). This blunt configuration allows essentially the use of SiC/carbon or

carbon/carbon composites, which are typically not considered UHTC materials, as the thermal

protection layer.



Figure 1-1. Blunt leading edge component used in the Space Shuttle. Typical radius of curvature
at the tip is ~10 cm, made from SiC/carbon and carbon/carbon composites (adapted from
http://www.pari.edu/shuttle-leading-wing-edge-web/).

However, certain limitations are associated with this blunt configuration. This includes
limited maneuverability, limited re-entry points, electromagnetic interference that causes
blackouts in telecommunications, as well as high propulsion power requirements to account for
the high drag.!' To solve these problems, the concept of sharp leading edges with radii of curvature
in the millimeter scale started to be applied in the design of next generation high-mach aircratft.
Such sharp features enable flying at optimal angle of attack whose trajectory is more gently angled
with respect to the ground level. This potentially enhances maneuverability and provides the
vehicles with more trajectory options during the re-entry process. Meanwhile, the realization of
this concept comes with the price of higher temperature on the leading edges due to lack of drag
to reduce aerodynamic heating. Moreover, the smaller radius of curvature also creates higher local
temperatures at the tip. The maximum temperature that is experienced by the leading edges can

easily exceed 2073 K, beyond the capability of conventional SiC/carbon and carbon/carbon



composites. !> 18

This requires the use of new high-temperature materials that are more robust to
withstand such demanding temperatures. UHTC materials, including TMCs, TMBs and TMNS,
are therefore being investigated extensively as promising candidates to answer the call for sharp
leading edge applications.

Besides applications in the leading edge component, UHTC materials have the potential to
be applied in many other demanding conditions.?*->> UHTCs that are able to withstand prolonged
period of extreme conditions (minutes to hours compared to seconds for re-entry vehicles) could
enable hypersonic flight. In these cases, UHTCs provide benefits mainly on the propulsion system
where hotter combustion creates higher propulsion efficiency. On this aspect, it not only enhances
the capability of military and national defense, but also potentially contributes to the development
of commercial aircraft to have better physical and economical performance. Additionally, in
advanced nuclear power generation, UHTC materials could also be attractive. Tantalum

monocarbide (TaC), the focus in this study, remains one of the promising candidates to realize the

applications described above. In the next section, general properties of TaC will be elaborated.

1.2. Tantalum Carbide

Tantalum carbide, as one of the commonly recognized transition metal carbides (TMCs),
has several chemically stable polymorphs with different carbon stoichiometries according to the
Ta-C phase diagram (Figure 1-2), among which the semi-carbide Ta>Cix, C-Ta4Cs., and mono-
carbide TaC;x are of particular research interests for a variety of applications. For example,
TaC/Ta,C-based matrix with TasCs laths provides the best overall strength compared to other
carbide composites.?® It has also been found that modifications in carbon stoichiometry can
increase Vickers hardness of bulk tantalum carbide from 13.5 to 20 GPa upon the addition of

TasCs« phases.?’” The monocarbide phase (TaC)) is primarily being focused in this study because



of its higher melting temperature as well as wide composition range. Structurally, the TaC.x phase
has a highly symmetric face-centered cubic (fcc, space group Fm3m) lattice with a reported lattice

parameter of 4.45370 A for stoichiometric TaC.2® It has been determined that there is a definite
relationship between the lattice parameter and carbon stoichiometry for the TaC.x phase and it is
given by C/Ta = 6.398a— 17.516.° Practically, this allows the evaluation of carbon deficiency in
TaC\« through the lattice parameter calculation from diffraction data. The lattice structure can be
treated as two fcc-arranged lattices of Ta and C atoms where the fcc-arranged C lattice interstitially
fits into the fcc-arranged Ta lattice (Figure 1-3), analogous to the Rocksalt structure. Many other

TMCs (e.g., TiC, NbC, ZrC, etc.) possess this structure as well.
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Figure 1-2. Phase diagram for the Ta-C system. “x” and “y” denote possible carbon sub-
stoichiometry in corresponding phases (reprinted with permission from Ref. 30).

It is generally accepted that the bonding in TaCix is dominated by the covalent bonds
formed between Ta and C atoms through Ta-5d and C-2p orbital hybridization. While the metallic
bonding arises from Ta-Ta interaction and the ionic contribution caused by charge transfer from
Ta to C atoms coexist to give the overall bonding structure a complex mixture of covalent, metallic,

and ionic characteristics.’!* Understanding the bonding characteristics of tantalum carbide is



essential for the purpose of this study because it serves as the most important intrinsic factor for

the determination of particle morphologies. This aspect will be explained in detail in later chapters.

Figure 1-3. Crystal structure of TaCi.x. Both Ta and C sublattices are in fcc arrangement. Carbon
atoms sit in the interstitial sites within Ta lattice. (With color)

1.3. Crystal Growth and Morphology Control of Inorganic Materials

Modern scientific research has become more interested in revealing evolution phenomena
from interpreting the equilibrium (or at least steady-state) conditions. Crystal growth and resultant
morphology of the grown materials are two important aspects in the materials science community
because many properties are morphology-specific. For example, structural, optical, and electrical
properties can be largely augmented with the fabrication of composite materials with anisotropic
microstructures or with anisotropic particles uniformly dispersed in an isotropic matrix.>*
Moreover, different crystal surfaces exhibit different physical and chemical characteristics due to
their packing and coordination state. As an example, the TiC {111} surface has been shown to be

highly active for dissociative adsorption of hydrogen at room temperature, while its {100} surface



has the ability to adsorb several other molecules, including methanol, ethanol, H>O, NH3 and
CO.34 TIn this section, some fundamentals of crystal growth and methods developed for the

control of morphology will be reviewed.

1.3. Crystal Growth and Morphology Control of Inorganic Materials

1.3.1. Growth of Bulk Crystals

The growth of crystals from the melt using a pulling mechanism was first demonstrated by
Prof. Jan Czocharalski dated back in 1916, and it was not until three decades later when the first
single crystal silicon (Si) was grown using the Czochralski (Cz) technique.*! This essentially
opened up a new horizon for developing semiconductors, microelectronics, and other related fields
in information technology. A schematic illustration of the Cz process is shown below. In brief, a
heated silica crucible in the middle melts polycrystalline silicon fed through the bottom. The
crystal growth process is initiated by dipping a silicon seed crystal into the free surface of the
silicon melt, and then the seed is slowly pulled up from the melt, causing the silicon atoms in the
reservoir to crystallize at the melt-crystal interface. The diameter of the grown Si crystal increases
to a nominal diameter and is kept constant until the most of melt is consumed. This gives the

grown Si single crystal to have a cone geometry.
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Figure 1-4. A schematic of an industrial single crystal silicon puller using Czochralski process
(reprinted with permission from Ref. 41).

Many other inorganic crystals can be grown to bulk with high purity and production
efficiency using the same principles. This includes, for example, sapphire single crystals (Al2O3),
calcium fluoride (CaF>) and other fluoride crystals, bismuth germinate (Bi4Ge3O12), lead tungstate
(PbWOs), gadolinium silicate (Gd2SiOs), etc. These materials have wide applications in
semiconductors, lasers, and radiation scintillators.*> Besides the Cz technique, several other
common techniques are capable of fabricating bulk crystals, such as the floating zone method (for
growing oxides and metal alloys) and the hydrothermal method (for growing quartz, phosphates,

).41,43

rare-earth vanadates, simple oxides, etc. The technology development for the growth of bulk



crystals, especially those single crystals of semiconductor and functional oxides, enables people
to create new devices and bring continuous advancements to the community. The fact that the
2014 Nobel Prize in Physics was awarded to Professors Isamu Akasaki, Hiroshi Amano, and Shuji
Nakamura for their invention of blue light-emitting diodes sets another great example to indicate
the importance of crystal growth. Nevertheless, the main message to be delivered here is that the
growth of bulk crystals has been studied for decades with tremendous achievements. It is now the
time to simultaneously make efforts towards microscopic scale where the growth phenomena of
submicron/nano-sized particles are attracting increasing research attention. A thorough
understanding of the growth behavior and controlling the particle shapes can help achieve material

properties otherwise not possible by conventional methods.

1.3.2. Growth and Morphology Control of Nanoscale Crystalline Particles

According to Wulff’s theorem first introduced in 1901, the equilibrium shape of a single
crystal is unique from an energy minimization standpoint based on its crystal structures. More
specifically, the equilibrium shape can be constructed by inscribing an in-polygon bounded by
lines or planes of the internal tangent at the cusps of a raspberry form obtained by plotting the
surface energies of facets. The growth rates of facets are proportional to the surface free
energies.*** For example, fcc single crystal takes an equilibrium shape (Wulff polyhedron) of a
truncated octahedron with minimization of its surface free energy (Figure 1-5). However, it should
be noted that this equilibrium shape is valid only under the vacuum or inert gas atmosphere at OK.
Practically in a solution-based synthesis, the actual particle morphology can differ drastically from
the Wulff polyhedron. The circumstances that cause the difference include: i) The equilibrium
condition has never been reached during the entire synthesis; ii) Defects, impurities, surface

capping agent, or the chemistry of the solvent may alter the surface energies of particle facets to



impact their relative growth rate.*® The first circumstance is particularly true when the solution-

based reaction involves a high-temperature or high-pressure environment.

™

Figure 1-5. Typical truncated octahedron as the Wulff polyhedron of fcc single crystal under inert
gas or vacuum at 0K. The index of each surface shown is labelled with Millar notations (reprinted
and modified with permission from Ref. 47).

Besides Wulff’s theorem, the Periodic Bond Chain (PBC) theory proposed by Hartman and
Perdok is another model that correlates the internal crystal structure to the particle morphology.*®
In PBC analysis, crystal facets are classified into three types. Namely, F (flat), S (stepped), and K
(kinked) faces, depending on the number of PBCs involved in each facet. They claimed that an F-
face would develop into a large facet as it contains more than two PBCs. While an S- or K-faces
would develop into small facets or does not appear at all because S-face contains only one PBC
and K-face does not contain any PBC. A schematic representation of the PBC theory is presented
in Figure 1-6. Although PBC analysis appears to be qualitative and even somewhat arbitrary, it
was developed more quantitatively later by calculating the attachment energies of PBCs and has

been applied as an important criterion for analyzing the growth behavior.
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Figure 1-6. The definition of F-, S- and K-faces according to the PBC theory by Hartman and
Perlok. F-faces: (100), (010) and (001); S-faces: (101), (110) and (011); K-face: (111) (reprinted
with permission from Ref. 48).

The fabrication of submicron/nano-sized particles has been extensively reported in
numerous literature, among which the solution-based methods are of particular interest because
they are more powerful and versatile than other techniques (vapor-phase synthesis for instance) in
terms of controlling the geometry of particles. Conventional solution-based methods generally
involve aqueous or organic solvent with low viscosity, as well as relatively low reaction
temperature. For certain ceramic compounds that cannot be straightforwardly fabricated using
conventional solution-based routes, other synthesis techniques that involve solid-state reactions
with high reaction temperatures can be employed (e.g., solvothermal synthesis, combustion

synthesis, self-propagating high-temperature synthesis, etc.). Next, general principles of

11



morphology evolution of particles as well as several experimental examples on the synthesis of

metallic and ceramic particles will be provided in the subsections below.

1.3.2.1. Morphology Evolution of Nanoscale Crystalline Particles

In a typical crystalline particle formation process, atomic nucleation can be treated as the
starting point after individual atoms are generated in the solution. However, due to the small size
of nuclei (i.e., a cluster made from several tens to hundreds of atoms), it is practically difficult to
capture their internal structure and geometry. Using electrospray mass spectroscopy, researchers
are able to quantify the mass of the small clusters.** By combining electrospray photoelectron
spectroscopy and ab initio calculations, some information about the internal structure and
geometry of clusters can also be obtained.’® In an ideal case where the atoms are packed in the
densest way possible, the shape of the cluster closely resembles that of single-crystal seed with a
larger size and well-defined polyhedral shapes (Figure 1-6). Yet, the understanding of those
atomic clusters formed during the initial stage is still insufficient. It will be very valuable to
address the correlation between the shape of such clusters and the final morphology of crystalline

particles with advancements in characterization tools and computational methods.
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Figure 1-7. Representation of clusters in an ideal and the densest atomic packing. Polyhedral shape

of the cluster becomes more pronounced as the number of atoms increases (reprinted with
permission from Ref. 46; original figure was modified with permission from Ref. 51).

Once the nuclei reach a critical size greater than which the overall shape fluctuation is no
longer energetically favorable, single crystal seeds with certain three-dimensional geometry are
formed. The formation of seeds is a critical step connecting the nuclei and particles, as their shape
directs the development of final particle morphologies. Generally speaking, seeds may have a
single-crystal, singly-twinned, multiply-twinned or plate-like structure for fcc-type nanocrystals.
However, only single-crystal seed that leads to the formation of octahedron, cuboctahedron and
cube, is within the scope of this study. Figure 1-7 illustrates schematically the evolutionary

pathways that give births to such polyhedrons.
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Figure 1-8. A schematic illustration of the evolution pathways that lead to the formation of
polyhedrons for fcc crystals. The yellow- and red-colored regions represent {111} and {100}
facets respectively. The value R is defined as the ratio between the growth rates along <111> and
<100> directions. It should be noted that particle shapes out of actual experiments can deviate, to
a variety of extent, from these ideal shapes shown here, depending on the actual growth rates along
different crystallographic directions. (With color)

The population of seeds with different structures is controlled thermodynamically by their
free energies, as well as certain experiment-specific kinetic factors. When an active system is
under thermodynamic control, the population of particles will be dominated by the most
energetically-stable products. To take a closer look at the Wulff theorem, which aims to minimize
the total surface free energy of a system within a given volume, the shape of single crystal seeds

(Y94

with the largest popularity can be predicted. The surface free energy “y” can be defined as:

y = (ﬁ—j)nw Eq.1

Where G is the total free energy, and 4 is the total surface area. Qualitatively, surface free energy
is the energy required to create a new unit area of the surface. When a seed is newly formed,

surface atoms tend to be attracted inward into the structure (i.e., atoms cluster together) due to
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missing bonds at the surface. Therefore, a driving force on the surface is needed in order to pull
the atoms back to their position to grow new surfaces and restore crystallographic symmetry.

Surface free energy act as such driving force and can be thereby expressed as:

1
Yy =3 Npep, Eq.2
Where N,, is the number of broken bonds, ¢ is the bond strength, p,, is the density of surface atoms.

In the case of fcc crystals with lattice parameter a, the surface energies for three low-index

crystallographic planes can be estimated as:

Y100} = (g); Y10y = (%); Y11y = (3558); Eq.3
Clearly, the overall surface energy follows a sequence of y(111} < ¥{100) < ¥Yf110)- This suggests
that single-crystal seeds with fcc structure would take an octahedral or tetrahedral shape in attempt
to minimize the total surface energy by maximizing the exposure of {111} facets. On the other
hand, however, both shapes have greater surface areas than a cube if given the same volume. By
considering this, single-crystal seeds are expected to have truncated octahedron shape enclosed by
the mixture of both {111} and {100} facets, which finalizes the minimization of total surface
energy.*®

Besides thermodynamic control, kinetic effects on the seed formation are described in
several studies, and most of them have been focused on the synthesis of inorganic
nanoparticles.?>>2-3¢ The population of seeds and particles can be controlled on a kinetic basis by
varying the reduction or decomposition rate of precursors, or regulating the amount of precursor
molecules. By using such kinetically-controlled synthesis, the seed can easily deviate from

thermodynamically-favored shapes and exist in structures with higher free energies.

15



Once a seed is formed, it can grow into particles with larger sizes by the addition of new
atoms. This is essentially a dynamic process during which the reduction of the bulk free energy
(favored by growth) and the increase of surface free energy (favored by dissolution) mutually
dictate the overall growth. The facets being exposed during the growth depend on their relative
growth rate. As shown in Figure 1-8, for example, if the ratio between the growth rates of {111}
and {100} facets is equal or greater than 1.73 (i.e., R = 1.73), cubes will be dominant in the final
morphology, whereas octahedrons will be dominant if R < 0.58. More systematically, Figure 1-9
provides a summary of the geometrical shapes of nanoparticles that are possible to be grown by

controlling the reaction parameters.>’

(a)r=1.73 R=1.43 R=1.15 R=1.00 R=0.87 R=10.58
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Figure 1-9. (a) Morphologies of cubic crystals as a function of R, the ratio between the growth
rates along <111> and <100> directions. (b) Evolution in shapes of a set of (111) based particles
as the ratio of {111} to {100} increases. The beginning particle is bounded by three {100} facets
and a (111) base, while the final particle is bounded by {111} to form a tetrahedron. (c)
Morphologies of multiply twinned decahedral and icosahedral particles (reprinted and modified
with permission from Ref. 57).

Decahedron
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Therefore, in principle, the morphology of particles can be altered through the control of
the growth rates of different crystalline facets, and methods that realize this purpose vary
significantly across the broad universe of materials. A number of examples of how this is

practically achieved will be reviewed in the following.

1.3.2.2. Literature Review: Morphology Control of Metallic Nanoparticles
The shape-controlled synthesis of metallic nanoparticles was first demonstrated by Ahmadi
et al. on Pt nanoparticles with tetrahedral, cubic, irregular-prismatic, icosahedral, and
cuboctahedral shapes by varying the concentration ratio of the capping polymer materials to the Pt
cation.®® Since then, shape control of numerous metallic systems has been enabled, as summarized
in Figure 1-10. In the past decades, the applications of metallic nanoparticles have been
dramatically broadened, from catalysts, plasmonics, sensing, nanomedicine to electrochemistry,

petroleum refining, as well as microelectronics.*->8

Many of these applications involve strong
demand for morphology-dependent nanoparticle properties. For instance, in the case of localized
surface plasmon resonance (LSPR) and surface-enhanced Raman scattering (SERS), the shape and
structure of an Au or Ag nanocrystal are the most important factors in determining the number,
position, and the intensity of LSPR modes, also the spectral region or polarization dependence for
effective molecular detection via SERS.#¢60-61 Tn the case of catalysis, the catalytic activity of
metal nanoparticles increases with decreasing particle size. While the selectivity of adsorbing
molecules depends mainly on the atomic packing on the surface or the exposed facets of a
nanoparticle.*®%2-6> - Although the current study focuses heavily on ceramics, understanding the

principles and methods of controlled crystal growth on structurally simpler metallic systems can

provide fruitful guidance towards more complex ceramic materials.
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Figure 1-10. A summary of various metallic nanoparticles synthesized with controlled
morphologies using solution-based synthesis (reprinted with permission from Ref. 59).
Palladium (Pd) is an ideal model system for understanding the shape control of
nanoparticles as the general principles that direct the growth of Pd nanoparticles can be easily

extended to other fcc structures.*® Facet tailoring of Pd nanoparticles is essentially driven by the

need to enhance its catalytic properties. Pd nanoparticles are usually synthesized by reducing Pd
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precursors in solution (polyol synthesis), among which Na;PdCls is most commonly used as the
precursor and alcohols, glycols, or hydrazine is the reductant. When prepared by rapid reduction
or decomposition, Pd nanoparticles mostly form Wulff polyhedrons (refer to Figure 1-5) with the
presence of poly(vinyl pyrrolidone) (PVP). Xiong ef al. has shown that oxidative etching plays an
important role in determining the population of polyhedrons.®* It was found that oxidative etching
of Pd nanoparticles by air leads to the removal of twinned particles in the early stage of growth
and the dissolution of single-crystal cuboctahedra grown in the late stage. This means that in order
to yield a high percentage of polyhedral nanoparticles with uniform size, one needs to utilize the

former and eliminate the latter (Figure 1-11(a)).®*
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Figure 1-11. Electron micrographs of Pd nanoparticles with various sizes and morphologies: (a)
Wulff polyhedrons, (b) nanocubes with average of 50 nm size, (c) nanocubes with average of 8
nm size, (d) nanobars, (e) nanorods and (f) octahedrons (reprinted with permission from Ref. 46).

As a step forward, Pd nanoparticles with a single type of facet are desired, especially for
catalytic applications where cubes are preferred over Wulff polyhedrons.®> To achieve this,
surface capping agents such as PVP are introduced to the solution due to its strong adsorption onto

the {100} facets. This preferential surface capping can drive the addition of metal atoms to other

crystal surfaces when the size of seeds is considerably large.*® In the case of surface capping by
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PVP, metal atoms attach more preferably to the {111} facets and eventually form nanocubes with
sizes greater than 25 nm.%%¢7 The formation of Pd nanocubes (including other metal nanocubes
such as Ag and Au) through this route is in fact a combined effect from the oxidative etching of
small seeds and surface capping by PVP in a relatively larger size. By adding FeCls as the etchant,
Pd nanocubes with sizes as large as 50 nm were produced (Figure 1-11(b)).®” Due to the size of
PVP molecules, it is not so effective in surface capping when the crystal seeds are smaller than 25
nm. Therefore, bromide (Br’) was employed as a smaller capping agent, allowing for the formation
of Pd nanocubes with much smaller particle size. In another report by Xiong et al., Pd nanocubes
with an average size of 8 nm were synthesized using PVP as the reductant and KBr as the surface
capping agent (Figure 1-11(c)).® Moreover, it was also illustrated in some work that elongated
shapes of Pd crystals, including nanobars and nanorods can be grown with the addition of ethylene
glycol (EG) as a result of anisotropic growth (Figure 1-11(d-e)). Anisotropic growth is usually
seen in either crystal with highly anisotropic crystallographic structures (such as Se, Te, CdS, and
CdSe) or twin/stacking faults in fcc metals.”®7> As both characteristics are absent in the formation
of Pd nanobars and nanorods, the mechanism involved in this anisotropic growth is attributed to
the localized oxidative etching. Due to the capping effect by Br- on the {100} facets, the surfaces
need to be activated in some way for the growth process to continue, and this surface activation is
done by oxidative etching. In a cubic crystal, oxidative etching can only activate one of the six
crystal facets by the addition of atoms. In this sense, if Pd atoms can be supplied fast enough to
surpass the atomic etching rate at that surface, the cubic symmetry will be broken, hence, the
elongated shapes will be formed.*¢%® This anisotropic growth set a nice example for kinetically
controlled shape evolution. Such kinetically generated shapes, however, are not stable due to their

high surface energies, and they will evolve into thermodynamically stable shapes over the time to
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minimize the surface energies.®® Figure 1-12 gives a schematic representation of how the shape

of Pd nanoparticles is both kinetically and thermodynamically controlled.

Nucleation and Growth: Kinetic Control
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Figure 1-12. A schematic illustration of the growth mechanisms responsible for the formation of
Pd nanobars and nanorods, as well as the thermodynamically controlled aging process (reprinted
with permission from Ref. 68).

Using different surface capping agents, octahedral Pd nanoparticles can also be synthesized,
as shown in Figure 1-11(f).”> With the application of a mild reductant and a suitable capping agent
(citric acid serves as a dual-role additive in this case), plus a high concentration of Pd precursor,
Pd octahedrons are produced for a greater than 90% yield.**’?> Same strategies can be used to

generate Pd decahedrons and icosahedraons, thanks to the effective capping capability of the citric

acid on the {111} facets.
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Owing to the unique and tunable properties of Au nanoparticles, including LSPR,
biocompatibility and easy surface modification, it has been one of the hottest research topics over
the past couple of decades on the controllable synthesis of Au nanoparticles.*® Although similar
routes, such as polyol synthesis can be taken to synthesize Au nanoparticles in which a fast
reduction also leads to the formation of thermodynamically favored polyhedral nanocrystals,
notable differences exist in terms of the effect of surface capping agent, as well as the kinetically-
controlled growth mechanisms compare to the Pd system described in preceding paragraphs.
While PVP stabilizes the {100} facets of Pd crystals, in the case of Au, it helps stabilize the {111}
facets to form octahedrons as demonstrated by Li et al.”® Interestingly, when a small amount of
AgNOs3 or cetyltrimethylammonium bromide (CTAB) is added to the precursor solution, Au
nanocubes can be formed (Figure 1-13), indicating that Ag* and Br preferentially attach to the
{100} facets of Au and serve as the surface capping agent.”*”’ Most recently, Park et al. reported
that the concentration of CTAB controls the sharpness of Au nanocubes as the higher the
concentration is, the sharper corners of nanocubes are (Figure 1-14, except for 200 mM CTAB due
to the reduction in particle size). This further emphasized the effectiveness of Br in selective

surface attachment on {100} and reduction of their growth rate.”’
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Figure 1-13. Au nanocubes formed with 1/200 Ag/Au addition of AgNO; obtained using a
modified polyol process: (a-b) SEM micrographs with 45° tilt, scale bars are 500 nm and 200 nm
respectively, (c-d) TEM micrographs of corresponding Au nanocubes, scales bars are 200 nm and
100 nm respectively (reprinted and modified with permission from Ref. 75).

0mM 1 mM 10 mM 20 mM 40 mM 80 mM 200 mM

Figure 1-14. TEM micrographs of Au nanocubes illustrating the change in corner sharpness under
different CTAB concentrations (reprinted with permission from Ref. 77).

Based on the similar consideration in promoting the catalytic properties, shape- and size-

controlled synthesis of Pt nanoparticles are also extensively studied. It was shown by Yang’s
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research group that mono-dispersed cuboctahedral Pt nanoparticles with sizes 10 — 15 nm could
be formed by reducing K>PtCls precursor by H» gas generated from the decomposition of NaBHa.
Further, with an increased pH value, cubic Pt nanoparticles were obtained due to the selective
growth of the {100} surfaces originated from decreased reduction rate (Figure 1-15). In their

studies, tetradecyltrimethylammonium bromide (TTAB) was used as the surfactant.”®”
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Figure 1-15. TEM micrographs of Pt nanoparticles produced by reduction of K,PtCl4 with TTAB

as the surfactant: (a) nanocubes (with NaBH4 at high pH) and (b) cuboctahedrons (with NaBH4 +
H; flow at low pH) (reprinted and modified with permission from Ref. 78).

The formation of Pt nanocubes has been realized in much smaller sizes, as reported by later
studies by Lee ef al. and Chen et al.3*8! Lee et al. prepared Pt nanocubes with an average size of
4.5 nm by thermal decomposition in the presence of PVP, while Chen et al reduced

platinum(II)2,4-pentanedionate (Pt(acac),) with ascorbic acid to yield Pt nanocubes with 3.5 nm
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average size. The ascorbic acid is believed to accelerate the nucleation rate of Pt nanoparticles
and the growth rate along <111> direction, although it was observed earlier in Yang’s study that
the use of ascorbic acid leads to the formation of Pt nanodendrites.”8!

Many other metallic nanoparticles including Ag, Cu, Rh, Ir, Ru, Fe, Co, etc., have been
investigated on their morphologically controlled synthesis.*® Although the chemicals involved
vary significantly across the systems, the principles and methodologies that facilitate the formation
of different types of morphology are similar in general. By leveraging both kinetic and

thermodynamic factors during the crystal growth, it is feasible to manipulate the particle

morphology in a versatile way.

1.3.2.3. Literature Review: Morphology Control of Ceramic Particles

Ceramics are of great research interest mainly because of their structural/chemical
robustness and diverse functionalities. Manipulation of particle morphology to desired shapes
such as cubes and other types of polyhedrons has been investigated on a variety of advanced
ceramic materials. These include, but not limited to, barium titanate (BaTiO3)%%, strontium
titanate (SrTi03)°, potassium niobate (KNbO3)°!"3, metal oxides®*!%!, hexaborides!'®>!%3,
transition metal carbides and nitrides®>>%104-110 "etc. Unlike those metallic nanoparticles described
in the previous section, facet tailoring and control of morphology for ceramic-based particles is
practically more difficult, and its underlying mechanisms are more complicated due to the
complexity in crystal structure, surface characteristics, bonding environment and experimental
conditions. Nevertheless, similar kinetic and thermodynamic strategies used in the synthesis of
shape-controlled metallic nanoparticles can be implemented to demonstrate the morphology

control of ceramic particles.
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Sodium chloride (NaCl) has been selected as the model system in many studies to
investigate the growth behavior of fcc crystals, as it is naturally abundant and easy to be produced
in-house. As a typical ionic fcc crystal, the ideal surfaces of {100} and {110} in NaCl are
considered to be electrically neutral since both cations and anions are bonded throughout the 400
and /A0 lattice planes (Figure 1-16 b-c). While for the {111} facets, they are electrostatically polar
because only cations or anions are present in the {111} lattice planes alternating along the <111>
directions, even if the bulk crystal structure is centrosymmetric (Figure 1-16 d-e). This implies
that the stability of {111} facets is poor, and their presence can rarely be seen in the equilibrium

morphology of NaCl crystals. Rather, cubic shapes will dominate.!!!
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Figure 1-16. (a) Ideal surface structure of cubic NaCl crystal enclosed by {100} facets. Cl ions
in blue and Na* ions in red. (b-c) Surface structure of {110} facets. (d-e) Surface structure of {111}
facets (reprinted and modified with permission from Ref. 111). (With color)

While the dominance of cubic shape serves as the main reason for natural halite to cake,
people have been seeking for the so-called “habit modifier” in order to have more exposure of the
{111} facets in the final morphology, i.e., {100} — {100} + {111} enclosed particles, when grown
from the evaporation of solutions. Several such habit modifiers have been discovered, including
urea, formamide, cadmium chloride (CdCl), ferrocyanide ions, as well as polymeric additives.'!!
The mechanisms of habit change during the growth of halite crystals from saturated solutions have

also been extensively studied. By using surface X-ray diffraction, Redenovi¢ et al. were able to
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reveal that the polar {111} surface is stabilized by formamide through the formation of an

electrochemical double layer.!!?

Further, they found that the appearance of {111} facets in alkali
halide crystals grown from formamide solutions is closely related to their unit cell sizes.!!> More
recently, Townsend et al. from the same research group also discovered that the effectiveness of
polymer species containing amide group, which induces the formation of {111} facets is 1 to 2
orders of magnitude stronger than their corresponding monomers. This owes to the enhanced
bonding on the surface for polymer compare to monomer.!'* An earlier study on NaCl crystals
grown from CdClz-containing solutions claimed that the formation of an epitaxial layer of ordered
CdCl; on the {111} facets of NaCl contributes to the stabilizing {111} facets.!'’> With various
types of habit modifiers being reported in the past decades, the fundamental rules for stabilizing a
crystallographic surfaces are essentially the following: (i) reducing their specific surface energies
and (ii) decreasing their growth kinetics.

Besides sodium chloride, numerous recent studies have been conducted on controlling the
particle morphology of many other technical ceramics. Grove ef al. presented study cases on
morphological changes of TiC and NbC caused by precursor carbon sources.>>>® Their TiC and
NbC nanoparticles were synthesized using the arc discharge method, where pure metal rod (Ti and
Nb) were used as electrodes for direct-current discharge and several hydrocarbons, including
methane, ethylene and acetylene were selected as the carbon source. When a high-intensity direct-
current was applied to the electrodes, metals, and carbon species were atomized by the arc
discharge-generated plasma. Once the metal and carbon vapor is cooled, or their concentrations
are high enough in the reaction chamber, the nucleation and growth process occurs. TiC or NbC
particles were then collected in a bubbler containing acetonitrile. They found that the morphology

of both TiC and NbC nanoparticles is largely affected by the carbon source, although differences
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exist among two systems. TiC nanoparticles prefer a cubic morphology at low methane
concentrations and a cuboctahedral morphology at high methane concentrations, as shown in

Figure 1-17.

Figure 1-17. (a) TiC nanoparticles synthesized from arc discharge method with low methane
concentrations showing cubic-dominated morphology. (b) At high methane concentration (60%
in this case), the morphology of TiC nanoparticles favors cuboctahedron (reprinted and modified
with permission from Ref. 35).

Based on Wulff’s theorem and PBC theory, they attributed this morphological difference
to excess carbon (from methane), which interacts with the kink sites along {111} facets to capture
their growth. For the NbC nanoparticles, the change in morphology is mainly controlled by the
type of hydrocarbons, while the concentration of hydrocarbons does not show a significant impact.
According to their results, the population of NbC nanoparticles synthesized with methane is
dominated by cubes, whereas synthesizing with ethylene yielded a mixture of cubes and
cuboctahedrons. In addition, acetylene resulted in cuboctahedrons only. Since the type and amount
of hydrocarbon precursor are the only two variables, it is safe to say that they caused the

morphological change by stabilizing {111} facets during the growth of nanoparticles. However,
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the fundamental mechanisms behind this behavior are still in the shadow and were not discussed
in depth in these two publications by Grove et al.

A series of publications by Jin er al!'97109-110116 nrovided another approach to the
morphological evolution of stoichiometry-variable UHTC particles. The technique they employed
to synthesize samples (including carbides, nitrides and diborides) is self-propagating high-
temperature synthesis (SHS), in which commercial metal powders were mixed with carbon black,
boron nitride (BN), and boron to produce carbides, nitrides, and diboride correspondingly. The
raw powders were pressed into cylindrical compacts with the addition of powder aluminum, which
serves as reaction media, and ignited by an arc in Ar atmosphere. The stoichiometry of samples
was manipulated by varying the C/TM, BN/TM, and B/TM molar ratios in the reactants. Their
found that the ceramics with wide stoichiometric ranges all show a stoichiometry-induced
morphology evolution. More specifically, the morphology evolution sequences are “octahedron
— truncated octahedron — sphere-like — sphere” for both TMCs and TMNs, and “hexagonal
prism — polyhedron — sphere-like” for TMDs, with the increasing stoichiometries. They claimed
that the major mechanism for this morphology evolution is that the variation in stoichiometry
significantly changes the bonding characteristics on the different crystallographic surfaces and the
interfaces between the particles and the Al melt. Hence, the growth rates of different surfaces alter,
eventually causing different morphological expressions. They also performed detailed analysis
into the thermodynamic roughening behavior of the particles under high combustion temperature.
They claimed that there is a critical temperature 7; above which some particle surfaces are
roughened and rounded to induce the formation of sphere-like particles. Their study is
comprehensive with respect to the stoichiometry-induced morphology changes, which is supported

by both experimental observations and explanation of mechanisms. However, there is not much
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guidance provided to control the morphology of nearly-stoichiometric UHTC crystalline particles,
which are the most important ones for practical uses.

Besides the aforementioned non-oxide ceramics, perovskite structure oxides, due to their
wide variety of applications, are among the most popular classes of ceramic materials being
investigated to tailor their particle morphologies. Tungsten and molybdenum trioxide (WO3 and
MoOs3) are commonly studied transition metal oxides with perovskite structure owing to their
excellent properties in catalysis, sensor, and electrochromic applications.!!” Yao et al. presented
their work on morphology evolution of WOj3 particles induced by Cr doping.!'® They adopt an RF
induction thermal plasma method to prepare Cr-doped WOs3 polyhedra, where Cr-loaded
ammonium paratungstate tetrahydrate (Cr-APT) was subjected to thermal decomposition by Ar-
O plasma, and Cr-doped WOs3 polyhedra were collected at the bottom of the chamber. For
producing monolithic WO3 particles, APT without Cr was used. According to their results, only
octahedron particles with {111} facets exposed were obtained for monolithic WO3 due to the fast
growth of facets along the <100> directions (Figure 1-18(a)). When a certain amount of Cr is
introduced (2.5 at.% Cr-doped WOs in this case), {100} facets are exposed. When the Cr
concentration was further increased to 10 at.%, cubic-shaped WO3 particles are formed. (Figure 1-

18(b-c)).

32



tahedron Truncated Octahedron

100 100
‘ “m> c.'i oo 1 oon'
& - J"010 - & 10

Figure 1-18. WOs particles with different morphologies caused by Cr-doping. (a) monolithic WOs.
(b) 2.5 at.% Cr-WOs. (c) 10 at.% Cr-WOs (reprinted with permission from Ref. 117).

By using X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS), they were
able to interpret the formation mechanisms as the coeffects of distortions introduced in the WO3
matrix by Cr doping and a chromate layer on the crystal surface, which reduces the growth rate
along the <100> directions. They also performed tests on the gas sensing capabilities of
morphologically modified WO3 polyhedra and revealed that 2.5 at.% Cr-WO; with truncated
octahedron shape exhibits the highest sensing response. Their study elucidates in a detailed way
that doping could be very effective in altering the crystal growth habit, which determines the final
morphology, as well as the significance of the particle morphology towards the material properties.
For MoOs3, the most common morphologies are nanorod, nanowire, nanofiber, nanotube, etc.!!”
The formation of three-dimensional polyhedra is seldom reported, and its discussion is therefore
not going to be expanded here.

In recent years, various research projects related to molecule-sensing applications have
been focused on metal oxide nanocubes. For example, Wang et al. obtained porous NiFe;O4

nanocubes for detecting low-concentration acetone through thermal annealing a metal-organic

framework.!** Li et al. reported In203 nanocubes for NO»/H,S detection prepared by a CTAB-
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assisted solvothermal process.!®

Senapati and Nanda demonstrated MgO nanocubes for the
detection of trinitrophenol (picric acid) by simply reacting and annealing the Mg metal ribbon
inside a tube furnace in the air.'*¢ In fact, the studies on MgO nanocubes have been conducted for
many years. Stankic et al. synthesized MgO nanocubes with sizes between 3 to 10 nm using
chemical vapor deposition and subsequent annealing to probe its optical properties.!4’ Takahashi

148 Tssa

succeeded in getting MgO nanocubes with 200 nm average size using a microwave oven.
et al. produced sharp MgO nanocubes with sizes ranging from 20 to 300 nm by burning
commercial magnesium chips in the air to study its microscopic mechanical behavior.!*
Nanocubes of quaternary oxide CaCusTi4O12 possessing a perovskite-like structure were obtained
by Maity et al. through a controlled oxidation reaction in molten salt.!>* This material has attractive
properties in electrical energy storage applications, such as the supercapacitor. In an earlier work,
Jang et al. demonstrated porous cobalt oxide (Co3;O4) nanocubes for similar applications as the
supercapacitor. They employed a hydrothermal synthesis approach using an autoclave.!>! Figure
1-19 below shows some graphic examples from some of the references hereby mentioned. It
should be noted that none of the studies described in this paragraph focuses heavily on the

formation mechanisms of the nanocubes. Rather, they selectively utilized the thermodynamically

stable cubic-shaped metal oxide particles as their research vehicles for different purposes.
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Figure 1-19. Microscopy graph examples of (a) NiFe>O4 porous nanocubes by Wang et al.; (b)
MgO nanocubes by Takahashi; (c) MgO nanocubes by Issa et al.; (d) CaCuzTi4O12 nanocubes by
Maity el al. (reprinted with permission from Ref. 144, 148, 149, 150).
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Figure 1-19. Microscopy graph examples of (a) NiFe>O4 porous nanocubes by Wang et al.; (b)
MgO nanocubes by Takahashi; (c) MgO nanocubes by Issa et al.; (d) CaCu3Ti4O12 nanocubes by
Maity el al. (reprinted with permission from Ref. 144, 148, 149, 150). (continued)

Alkaline titanate (ATiO3) is another family of perovskite oxides with important practical

implication. Calcium titanate (CaTiO3) is the mother mineral for perovskite prototype that has
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been actively investigated due to its dielectric, catalytic and biocompatibility properties. It usually
takes a rectangular prism shape when prepared hydrothermally. Crystal facets of CaTiO3 can be
tailored in poly-ethylene glycol (PEG) solutions as illustrated by Zhao et al.''® By varying the
water content, temperature, reaction time and NaOH concentration, well-dispersed highly-faceted
CaTiOs3 particles can be fabricated.

Barium titanate (BaTiO3) is a well-known dielectric material widely found applications in
multiplayer ceramic capacitors (MLCCs), positive coefficient of resistance (PTCR) thermistors,
high-performance nanocomposites, and electro-optic devices.'?%12* Wada e al. first demonstrated
the preparation of BaTiOs nanocubes by a solvothermal method,'?° where they used barium
hydroxide (Ba(OH)z) and titanium dioxide (TiO>) as the starting material. The type of solvent and
the reaction temperature were shown to be the governing factors for the formation of BaTiO;
nanocubes. According to their study, if a mixed solvent with 40 vol.% 2-metoxy ethanol and 60
vol.% ethanol is used, and the reaction temperature is over 200 °C, BaTiO3; nanocubes with a size
of 12 — 15 nm can be obtained (Figure 1-20). Sub-10 nm BaTiO3 nanocubes have also been
prepared using ethanol as the solvent and oleic acid (OLA) as the surfactant in a similar

solvothermal method.!??
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Figure 1-20. TEM micrograph of BaTiO3 nanoparticles prepared at 240 °C for 18 hours using 40
vol.% 2-metoxy ethanol and 60 vol.% ethanol (reprinted with permission from Ref. 120).

Later, Ma ef al. conducted a systematic study on the size of BaTiO3; nanocubes depending
on the precursor concentration and the molar ratio of the hydrothermal reaction system.!>* They
demonstrated that with the concentration of precursors decreasing, in this case, Ba(OH)> and
bis(ammonium lactate) titanium dihydroxide (TALH), the average size of BaTiOz nanocubes
increases (Figure 1-21). The rate of nucleation is determined by the initial precursor
concentrations, so is the number of nuclei. If a system is under high precursor concentrations, the
duration for the reactant ions to reach supersaturation is short, leading to the rapid formation of
nuclei then eventually, highly-populated small particles. Based on the same principle, low

precursor concentrations result in fewer nuclei, which further develop into larger particles.
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Figure 1-21. SEM micrographs of BaTiO3 nanocubes synthesized using hydrothermal method with
different precursor concentrations at 220 °C for 72 hours: (a) 0.1 M, (b) 0.05 M, (c) 0.03 M and
(d) 0.025 M of Ba(OH), and TALH (reprinted with permission from Ref. 123).

Besides precursor concentration, the formation of BaTiOz nanocubes is also strongly
affected by the molar ratio between the reactant ions and the surfactants. In Ma et al.’s contribution,
they revealed that OLA as a surfactant is critical for nanocube formation (Figure 1-22). When the
molar ratio of Ba(OH), : TALH : OLA was 1 : 1 : 6, cubic morphology of BaTiOs failed to be
synthesized (Figure 1-15(a)). As the concentration of OLA increased to give a molar ratio of 1 :

1 : 18, well-dispersed nanocubes were formed (Figure 1-21(b)). This evidences that a high

concentration of OLA molecules is essential for controlling the morphology of BaTiOs particles.
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It is believed that during the crystal growth process, OLA molecules will selectively absorb on the
{100} facets through coordination with Ba metal ions, which drives the self-assembly process of
nanocubes by the hydrophobic forces between the OLA molecules on adjacent BaTiO;
nanocubes.'?* In addition, zert-butylamine as a co-surfactant, plays a positive role in the size of
BaTiO3 nanocubes. A high concentration of tert-butylamine in the precursor solution promotes
the formation of larger-sized BaTiOs; nanocubes by generating more OH" ions in an aqueous

environment to accelerate the growth of BaTiOs particles.!??

Figure 1-22. SEM micrographs of BaTiOs nanoparticles synthesized using hydrothermal method
with different molar ratios (Ba(OH)> : TALH : OLA) at 220 °C for 72 hours: (a) 1 : 1 : 6 and (b)
1:1: 18 (modified and reprinted with permission from Ref. 123).

Generalized growth mechanisms of BaTiO; nanocubes synthesized from the same
hydrothermal process are well-established by Dang et al.'**  According to their analysis, the
growth of BaTiO3; nanocubes follows an in-situ mechanism, where BaTiO; nuclei are formed in
Ti-based hydrous gel and transformed into a cubic morphology. Due to the adsorption of OLA on
the metal-terminated surfaces, the as-grown nanocubes become hydrophobic in the aqueous

solution and self-assembles into close-packed superlattices. Figure 1-23 provides a schematic

tllustration of such mechanisms.
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Figure 1-23. Schematic illustration of possible mechanisms (in situ transformation) for the
development of BaTiO3 nanocubes (reprinted with permission from Ref. 124).

In a more recent study by Sun et al., detailed insights on the formation mechanisms of
BaTiO3; nanocubes were provided by a combination of experimental and computational efforts.!?
Their density functional theory (DFT) and molecular dynamics (MD) calculations indicated that
hydrazine molecules adsorb preferably on the Ti position of the Ti-O terminated surface, while
oleic acid molecules tend to adsorb on the Ba position of the Ba-O terminated surface. With the
adsorption of hydrazine molecules, the formation of BaTiO3 phase becomes easier based on a
dissolution-precipitation process where Ba species break the Ti-O bond in a Ti-O-Ti cross-linked
network formed by dissolved Ti monomers during the dehydration at a high concentration of
NaOH. This further supported the experimental observations in Ma et al.’s article. For the

formation of BaTiO3; nanocubes, the {100} facets need to be stabilized in order for them to be
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exposed in the final morphology. Because the density of Ba?* ions is higher on {100} facets than
other crystallographic planes, OLA molecules will therefore selectively adsorb on the {100}
surfaces through intercalation with Ba?* ions, stabilizing the surfaces accordingly.!?

Like BaTiOs, the syntheses of strontium titanate (SrTiOs) particles with well-defined
shapes have also been demonstrated by a number of researchers. Nakashima et al. produced
SrTiO;3 nanocubes with average size of 20 nm by the solvothermal method.'?¢ Toshima ef al. used
a self-propagating high-temperature synthesis (SHS) to obtain SrTiO; crystals with cubic,
octahedral and multipod shapes. Souza et al. did a photoluminescence study on SrTiO; with cubic
morphology fabricated by a microwave-assisted hydrothermal method.!?® However, these studies
did not dig into the formation mechanisms in great detail. Calderone et al. reported the tailoring
of size and morphology of SrTiOs particles by precipitation from aqueous gel suspension.'? The
size of SrTiOs particles can be tuned by varying the concentration of titanium precursor and the
temperature. With the addition of citric acid, the morphology of SrTiO; particles was changed
from cubic to spherical. By using high-resolution transmission electron microscopy (HRTEM), it
was strongly evidenced that the observed SrTiO; particles were formed by the oriented aggregation
of small nanocrystals (4 — 5 nm), and the particles produced in this fashion are defective as the
dislocations and misalignment across the interfaces can be pictured (Figure 1-24). This formation
mechanism reflects that the size and morphology of SrTiOs particles can be very precisely
manipulated through changing the reaction conditions, including precursor concentration,
temperature, and the presence of organic molecules. All these factors alter the directional

aggregation process of nanocrystals.
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Figure 1-24. HRTEM micrographs of a cubic SrTiOs particle. (a) The particle shown is pictured
along the body diagonal of a cube. The inset shows the electron diffraction pattern of the particle.
(b) Magnified image of one edge showing dislocations and misalignments of nanocrystals across
some interfaces (reprinted with permission from Ref. 129).

With the growth mechanisms of SrTiO; under hydrothermal conditions understood, the
morphology of SrTiOs particles can be controlled by the concentration and the type of alcoholic

surfactant, as demonstrated by Dong and Shi.!3* Their hydrothermally synthesized SrTiO;

particles exhibit a decrease in size when the concentration of alcohols was increased. To determine
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the governing mechanism for particle formation, they performed a comparative experiment by
adding alcohols after the hydrolysis of titanium precursor is complete. It was found that no
difference in size distribution between the particles produced by adding alcohols before and after
the hydrolysis of the titanium precursor. This result supports that rather than the in-situ
transformation of amorphous precursors to crystalline particles (refer to Figure 1-16), the growth
of SrTiOs particles, in this case, follows a dissolution-recrystallization (precipitation) mechanism.
Under this scheme, the increase in alcohol concentration improves the stability of TiO2 hydrogel,
which subsequently enhances the stability of newly formed SrTiO3 nuclei, leading to smaller final
particle sizes. Furthermore, they established a relationship between the particle morphology and
the pKa value of alcohol. With the pK, value decreasing, the exposure of {110} facets is enriched,
meaning that alcoholic molecules with lower pK. values (i.e., “more acidic” alcohols) are more

likely to attach to the {110} surfaces and stabilize it correspondingly (Figure 1-25).
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Figure 1-25. SEM micrographs of SrTiOs3 particles synthesized using alcohols with different pKa
values and concentrations. Decreasing pK, value from top to bottom and increasing concentration
from left to right (reprinted with permission from Ref. 130).

Perovskite niobates have also drawn significant research attention due to their excellent
combination of ferroelectric, piezoelectric, and photocatalytic properties.!3*> Wu and Xue
demonstrated the preparation of NaNbOs; microcubes using a solution-based ion exchange
method.!33 The crystallization of NaNbOs particles was achieved by spontaneous ion exchange
and recrystallization process, where the hydrothermally synthesized potassium niobate hollow
sphere (KNHS) was used as the precursor. The metastable KNHS was then chemically activated
in NaOH solution, forming NaNbOs3; microcrystals. Organic species, including ethylene glycol
(EQG), polyacrylamine (PA), and ethylenediamine (EN) were added separately into the system as
surfactants for comparative study. With the presence of PA molecules, NaNbOs3 particles undergo

a gradual morphology evolution from octahedron to cube (Figure 1-26). They believe that the
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water-soluble PA molecules with multiple side functional groups promote the transportation of
Nb-O species toward the growth interface by clustering the multimers in the alkaline solution.
Hence, the dissolution of KNHS and the crystallization of NaNbOs are accelerated. In addition,
PA molecules provide a surface-capping effect by selectively adsorb onto the {111} facets of
NaNbO;j particles, helping preserve its octahedral shape, although the particles transform to cubic
shape over a prolonged reaction time (72 hours). Therefore, PA is considered to be dynamically
beneficial in terms of opening the possibility of creating novel polyhedral shapes through precise
control of its concentration as well as the reaction time. Other organic molecules investigated in

their study also show effectiveness in controlling the particle morphology.
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Figure 1-26. SEM micrographs of NaNbO3 microcrystals synthesized from ion exchange reaction
with different reaction conditions showing morphological evolution from octahedron to cube.
KNHS =0.12 g, H,O = 20 mL, temperature = 180 °C, (a) PA =0.2 g, NaOH = 1.0 M, 48 h. (b)
PA=0.2g,NaOH=1.0M, 72 h. (d) PA=0.1 g, NaOH=2.0 M, 48 h. (¢) PA=0.1 g, NaOH =
2.0 M, 72 h (reprinted with permission from Ref. 133).

In addition to the niobates, alkaline tantalates, possessing excellent photocatalytic
properties for water splitting applications, have also shown potential in tailoring their crystal facets
136-139

to further enhance the photocatalytic performance, according to several studies.

Hydrothermally obtained tantalate particles usually take cubic shape, indicating that the {100}
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surfaces the most thermodynamically stable surface and have the slowest growth rate during
crystallization. Chen et al. successfully tailored the morphology of submicron-sized NaTaO3
particles from cubic to quasi-spherical by tuning the volumetric ratio between ethylene glycol and
water, as well as the concentration of NaOH.!3” They synthesized NaTiOs particles by a
solvothermal approach where tantalum (V) oxide hydrate (TaxOs-nH>0O) and NaOH were dissolved
in a composite solvent of water and EG and subsequently heated in an autoclave for the NaTiO3
to precipitate out. The fundamentals of their morphological control strategy are established based
on the Thomson-Gibbs equation, which infers that the surface energy of crystal facets is
proportional to the supersaturation of crystal growth units during the growth process under a
supersaturated condition.!*”-!40  Therefore, the control of particle morphology can be achieved by
varying the supersaturation level of the reacting species. In Chen et al.’s study, water acts as a
“good” solvent for the growth of NaTaOs crystals, while EG is a “poor” solvent. By increasing
the volumetric ratio of EG to water, high-energy surfaces that are generally not shown in pure
water-based synthesis will be exposed due to the increase in supersaturation. As a result, NaTaOs
particles undergo a morphology evolution from “cube — corner truncated cube — edge and corner

truncated cube — sphere” with the increasing EG to water ratio (Figure 1-27).

48



Figure 1-27. SEM micrographs of NaTaOs particles obtained with 10 mmol of NaOH and different
volumetric ratios of EG to water: (a) 1/13. (b) 3/11. (c) 5/9. (d) 11/3 (reprinted with permission
from Ref. 137).

Due to the lack of surface capping agent in their system, this morphology evolution
depends solely on the EG to water ratio. The formation of unusually spherical NaTaOs particles
clearly indicates that their crystal growth habit deviates from thermodynamic equilibrium
conditions (i.e., the Wulff theorem described in the previous section). Therefore, in order to
understand the formation mechanism, crystal growth kinetics need to be taken into consideration.
During the growth process, two-dimensional nuclei attach to the broken bonds on the surfaces,
forming the “building blocks” for the development of new surfaces. When the supersaturation is
low, two-dimensional nuclei strongly favor attaching to the high-energy surfaces, where a large
amount of broken bonds are present, giving them high growth rates. Low energy surfaces are

therefore exposed. This condition is close to reach the thermodynamic equilibrium. In the case of
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high supersaturation, the energy required for the nuclei to attach to different surfaces does not
differ much, which leads to a similar growth rate among various facets, and eventually forms the
spherical morphology.!3” This provides a solid support that kinetically-controlled crystal growth
is able to create morphologies completely different from the thermodynamically stable shapes.
Moreover, particle morphology tailoring has also been demonstrated on various perovskite

ferrites.!41:142

The publication by Yuan et al. discussed the shape evolution and mechanisms of
several ferrite systems synthesized by the hydrothermal method.'** The concentrations of KOH
(mineralizer) and urea (surfactant) were identified as the controlling parameters for the shape
evolution. For example, they graphically illustrated that PrFeO; crystals became truncated cubes
when the urea content was increased from 1.2 g to 1.5 g (Figure 1-28(a-b)). The shape of LaFeOs
particles changes from perfect cube to edge-truncated cube and subsequently elongated edge-
truncated cube when the concentration of KOH was increased from 4.5 g to 5.5 g (Figure 1-29).
These results show that the morphology evolution of perovskite ferrites originates from combined
effects of KOH and urea. They concluded that NH4" ions thermally decomposed from urea
stabilize the {110} facets during the growth of LaFeOs, while OH" ions stabilize both {110} and
{002} facets. NH4" forms NH3 molecules when OH- is present, which has a similar size compared
to the rare earth (RE) metal ions in ferrites. It may sit on the A-site of the lattice during the growth
process, preventing continuous attachment of RE ions through the capping effect on the FeOs
octahedron, and make the corresponding facet grow much slower than other un-capped facets
(Figure 1-30).'4! The morphology of such ferrite crystals can therefore be tailored by altering the

KOH/urea ratio during synthesis. These studies give valuable insights into the facet engineering

of crystals of similar types.
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Figure 1-28. SEM micrographs of PrFeO3s microcrystals grown under different urea concentration:
(a) KOH/urea=5.0 g/1.2 g, (b) KOH/urea=5.0 g/1.5 g, (c) KOH/urea=5.0 g/1.8 g, (d) KOH/urea
=5.0 g/2.0 g (reprinted with permission from Ref. 142).
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Figure 1-29. SEM micrographs of LaFeOs; microcrystals grown with 1.5 g urea under different
KOH concentrations: (a-b) 4.5 g, (c-d) 5.0 g, (e-f) 5.5 g (reprinted with permission from Ref. 142).
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Figure 1-30. Schematic illustration of the surface capping effect of NH3; molecules: (a) interaction
between NH3 molecule and FeOs octahedron, (b) relative positions of RE elements and FeOs
octahedra in perovskite ferrite lattice, (c) attachment of NH3 molecules to the {110} facets of
REFeOs and (d) resultant crystal facets of particles after growth, blue-O, yellow-N, green-H,
white-Fe (reprinted with permission from Ref. 141). (With color)

In summary, facet tailoring and morphology control of functional ceramic materials can be
achieved using various synthesis techniques, from low-temperature hydrothermal approach to
high-temperature solid-state reactions. While thermodynamic aspects of systems (i.e., crystal
structure, surface energy, reaction temperature, etc.) govern the particle shapes in equilibrium
conditions, certain kinetic effects (i.e., surface capping, supersaturation, etc.) can cause dramatic
changes in the growth behavior of crystals. As far as the current study is concerned, most of the
previous work on the morphology control of ceramics has been focused on wet chemical

processing techniques, with only a few examples demonstrating solid-state processes. With many

open questions outstanding on the morphology control of particles under high-temperature/highly-
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exothermic synthesizing conditions, there is plenty of room for the science and engineering

community to make advancement on this topic.

1.4. Motivation of Study

The need for materials capable of withstanding extreme conditions, including hypersonic
flights, rocket nozzles and scramjet components, highly corrosive and radioactive environments,
etc., has been growing over the years. Both military and civil industries are seeking the next
generation of refractory ceramic materials that enable better thermal protection, higher engine
efficiency, and superior mechanical performances. As described in the earlier section, TaC is one
such material that has a high potential to meet these demands. Therefore, understanding the
scientific fundamentals for guiding its processing and engineering applications is critical.

Improving the mechanical properties of ceramics has always been the challenge and the
goal of the materials community. In the case of UHTCs, their mechanical performance at elevated
temperatures (e.g., creep resistance) becomes even more vital, as it determines their structural
integrity over continuous high-temperature exposure and whether or not they become qualified
candidates. Bulk mechanical properties are highly-relevant to the microstructures, while the
microstructures correlate tightly to the initial particle characteristics, as well as the sintering steps
of powders. TaC particles, due to their ultra-high melting temperature, are difficult to be sintered
well using conventional sintering techniques. On one hand, an insufficient sintering temperature
results in porous microstructures. Higher sintering temperature with prolonged dwelling time,
however, leads to severe grain growth that is detrimental to the mechanical properties. Luckily,
with the development of the spark plasma sintering technique (SPS, sometimes referred as “field-

assisted sintering” or “current-assisted consolidation’), researchers are able to sinter fully-dense
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UHTC bodies in a relatively short amount of time. A schematic drawing of the basic SPS
configuration is shown below (Figure 1-31). In a typical sintering cycle by SPS, powder samples
are pressurized between the dies (also serve as the electrodes), and a high flux of current (several

kA) passes through the powders to consolidate them through Joule heating.

Electrode
Sample
Graphite
Die
Electrode
Pulsed DC

Figure 1-31. A schematic of typical SPS setup (reprinted with permission from Ref. 143).

The Joule heating induced by the pulsed direct current is essential for obtaining high
sintering rates that suppress the grain growth and finally enhance the mechanical properties of the
sintered body. While most of the previous research has been focused on reducing the size of grains
to improve the tensile strength and fracture toughness, not much attention has been paid to the

grain shape, which contributes largely to the creep behavior of ceramics. Moreover, it was found
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that the grain growth is more active during the creep of bulk alumina sintered by SPS than by the

conventional hot pressing.!#

That is to say, smaller grain size produced by SPS potentially
accelerates diffusion-based creep. This further raises the importance of suppressing creep by
hindering grain boundary sliding and dislocation movement via grain shape engineering.
Therefore, as the most direct way of controlling the grain shape, particle morphology modification
of the starting powder is a promising route to explore. Besides, it is also interesting to study the
sintering behavior under SPS upon successful facet control of particles. As illustrated in Figure

1-32, the current pathways across the particles are expected to be very different by comparing

round-shaped and highly-faceted particles.

flow

(a) l (b) l

discontinuity

Grain
boundary

Figure 1-32. A proposed comparison of the current pathways during SPS in powders with different
particle morphologies: (a) highly faceted particles, point of discontinuity at corners/edges, (b)
round-shaped particles, point of discontinuity at necks/grain boundaries.
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Very few works in the materials science community have been reported on how the particle
morphology affects the sintering behavior. The works done by Yamamoto et al. and Dan ef al.
based on CeO: set a good starting point. Yamamoto et al. prepared Gd**-doped CeO, (GDC)
nanocubes exposed with highly active {001} facets by an organic-ligand-assisted hydrothermal
method, in which the organic ligands selectively adsorbed on particular crystallographic plane.
They observed that the nanocube NiO-GDC can be well-sintered at 200 °C lower temperature
compared to the conventional NiO-GDC composite with the more stable {111} facets.!>? Dan et
al.’s work represents a more systematic study on the sintering behaviors of CeO2 nanocubes versus
conventional nanoparticles. Their results showed that the densification temperature for CeO»
nanocubes with (100) planes exposed at the surfaces was lowered by 200 °C, which is in agreement
with Yamamoto et al. They took a further step to calculate the surface energies and found that the
(100) planes have much higher surface energy (0.455 eV A2) than the (111) plane (0.084 eV A2),
which is the most critical factor they attributed for the sinterability improvement.'*? Figure 1-33
summarizes the major results from Dan ef al. Both studies refresh the importance of the starting

powder morphology towards the sintering results for such functional ceramics.
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Figure 1-33. (a) TEM micrographs for the CeO: nanocubes (inset b and d) and conventional
nanoparticles (inset ¢ and e); (b) The relative density of CeO: ceramics sintered from nanocubes
and conventional nanoparticles at different sintering temperatures (reprinted with permission from
Ref. 153).
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Recall from the literature review, most of the morphology-controlled syntheses and
formation mechanisms discussed so far are based on solution-based techniques. There is still a
large gap in understanding the morphology control of particles derived from fast, non-aqueous-
based techniques. Questions such as “Are we able to control the morphology of particles in high-
temperature solid-state synthesis?”, “What are the mechanisms behind altering the growth habit of
UHTC nanoparticles?”, and “Are there any general guidelines that can be proposed to perform
morphologically controlled syntheses of all types of UHTC particles?” remain in the shadow.
While these questions are within the broad scope that a series of related studies aim to answer,
other aspects such as catalytic and plasmonic properties have already been proven to be highly
surface-dependent, as discussed in the literature review sections, elucidating the power of
morphology.

In short, the current phase of the research hereby is considered a fundamental study of the
growth behavior of UHTC nanoparticles. The alternation of particle morphology by dopant
incorporation is experimentally explored. The mechanisms that govern the morphology
alternation are proposed. Overall, this study is driven by the ultimate goal of enhancing the high-
temperature mechanical performance of the sintered UHTC materials by precisely controlling the

particle morphology.
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Chapter 2
Experimental Procedure
2.1. Experimental Design
Due to the exploratory nature of this work, experiments were designed in such a way that
a variety of material systems were proposed and tested in the first place in order to narrow down
to the best dopant candidates for controlling the morphology of TaC nanoparticles. Dopants that

have been screened in the current study are highlighted in the Periodic Table below (Figure 2-1).
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Figure 2-1. The Periodic Table highlighting the elements been screened as the dopants for
morphology modification of TaC nanoparticles. Red: dopants showing no effect; Green: dopants
showing effectiveness; Yellow: dopant showing effectiveness when co-doped with Ni. (With color)

After the rough screening, those dopant elements showing certain effectiveness in the
morphology modification of TaC nanoparticles (i.e., induce facet development of particles) were
further evaluated in detail by varying their concentrations. Table 2-1 lists the samples being

investigated with their corresponding dopant type and concentrations, including the initial

concentration during precursor powder mixing and the final concentration remaining in the
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products. To ensure the repeatability of experiments and statistical reliability, the synthesis of
each sample was repeated at least two times.

Table 2-1. List of major TaC-based samples investigated in this study.

Dopant Type Sample ID Initial Dopant Final Dopant Detailed
Conc. (at.%) Conc. (at.%) Analysis?
None TaC-1 0 0 No
TaC-2" 0 0 Baseline
7r Zr-1 10 N/A No
Zr-2 15 N/A No
Hf Hf-1 10 N/A No
Hf-2 15 N/A No
Nb Nb-1 10 4.4 No
Nb-2 15 7.8 No
Nb-3 20 14.3 No
Ti Ti-1 10 8.1 No
Ti-2 15 154 No
Y Y-1 10 0.6 Yes
Y-2 15 1.0 Yes
Y-3 20 1.3 Yes
Y-4 25 1.6 Yes
Y-5 30 2.3 Yes
Ni Ni-1 5 0.9 Yes
Ni-2 10 1.4 Yes
Ni-3 15 1.7 Yes
Ni-4 20 2.5 Yes
Ni-5 25 4.1 Yes
Ni-6 30 5.7 Yes
Co Co-1 5 0.9 Yes
Co-2 10 1.6 Yes
Co-3 15 1.9 Yes
Co-4 20 2.3 Yes
Co-5 25 2.6 Yes
Co-6 30 34 Yes
Fe Fe-1 3 0.5 Yes
Fe-2 5 1.2 Yes
Fe-3 10 2.1 Yes
Fe-4 15 2.7 Yes
Fe-5 20 4.0 Yes
Fe-6 25 4.2 Yes
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Table 2-1. List of major TaC-based samples investigated in this study. (continued)

Dopant Type Sample ID Initial Dopant  Final Dopant Detailed
Conc. (at.%) Conc. (at.%) Analysis?
Fe Fe-7 30 4.8 Yes
Ni-Ti** NiTi-1 3 2.2 Yes
NiTi-2 5 4.1 Yes
NiTi-3 10 8.0 Yes
NiTi-4 15 12.4 Yes
NiTi-5 20 16.4 Yes
NiTi-6 25 18.5 Yes

* TaC-2 is undoped TaC sample with reaction diluent added during combustion.
** Dopant concentration is based on Ti with fixed amount of Ni.

2.2. Synthesis of Carbide Particles

The synthesis of TaC particles is based on a modified solvothermal method developed by
Kelly et al.'»? Tantalum (V) chloride (TaCls, 99.8%, anhydrate, Sigma-Aldrich, No. 14614) and
carbon black (>99.9%, power, Alfa Aesar, No. 39724) were used as the metal and carbon sources.
Lithium granules (Li, 99%, Sigma-Aldrich, No. 499811) were employed as the non-aqueous
solvent and reductant, according to the following reaction:

TaClse) + Cs) + 5Lis) — TaCs) + SLiClgs) Eq. 4
The amount of each component was calculated based on a 3-gram theoretical yield of TaC, while
two times of excess carbon and lithium were used to ensure phase purity. For different dopant
systems, metallic nickel (Ni, 99.9% metals basis, powder, Alfa Aesar, No. A17943), iron
(Fe, >99.9% metals basis, powder, Sigma-Aldrich, No. 267953), cobalt (Co, >99.9% metals basis,
powder, Sigma-Aldrich, No. 697745), titanium (Ti, 99.5%, metals basis, powder, Alfa Aesar, No.
43102), niobium (Nb, 99.9%, metals basis, Alfa Aesar, No. 11548), and yttrium (Y, 99.6%, powder,

Alfa Aesar, No. 44147) were added as a part of the precursor powders. Their amounts were varied
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based on different atomic ratios between the dopant and the host, as tabulated in Table 2-1. It
should be noted that the actual dopant concentration in the product is generally much lower than
the amount of precursor added due to limited dopant solubility and the homogeneity of solid-state
reactions. To avoid the thermodynamic roughening of particles, the maximum flame temperature
during reaction must be lowered. Therefore, 30 wt.% of pure TaC powders (99.5%, Alfa Aesar)
were added as the reaction diluent. The precursors, excluding Li granules, were weighted and
thoroughly ground manually with mortar and pestle in an argon-protected glovebox for at least 15
minutes to create a homogeneous mixture. Sufficient amounts of Li granules were then added into
the quartz test tube containing the precursor mixture. The test tube was rolled to ensure that the
surfaces of the Li granules were fully covered with precursor powders and temporarily sealed with
a Parafilm® before being transferred out of the glovebox for preheating and ignition. To initialize
the reaction, a volumetric external heating apparatus was custom-made using a stainless-steel
hollow cylinder wrapped with a dual-element high-temperature heating tape. The setup was
preheated to ~400 °C in order for the reaction to occur. This also helps improve the phase purity
of the reaction product by avoiding degradation of the precursors by prolonged pre-ignition period.
To minimize oxidation during the reaction, the test tube was flushed with ultra-high purity argon
gas 5 times before being inserted into the heating cylinder. The tube was then capped by a rubber
stopper and connected to a vacuum pump for outgassing. The reaction self-ignited once the
powder mixture was heated to a critical temperature that was high enough to melt the Li granules.
Due to the highly exothermic nature of the formation of TaC, the reaction was able to sustain itself
until most of the reacting species were consumed. The duration of reaction was less than 40
seconds. Figure 2-2(a) is a schematic of the solvothermal reaction mechanism, while Figure 2-

2(b) provides the time-lapse photographs during the actual reaction. Note that the reaction shown
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in Figure 2-2(b) was done in a high-temperature silicone bath instead of the stainless-steel heating
apparatus. This is for visualized illustration purpose only. The system was then air-cooled to
room temperature. The post-reaction products were rinsed using deionized water to dissolve
excess lithium, followed by two wash cycles using hydrochloric acid (HCI, 25 vol%). Within each
acid wash cycle, 15 minutes of magnetic stirring and 30 minutes of ultrasonication were included
for the thoroughness of washing and particle deagglomeration. Acid-washed powders were
cleaned one more time using deionized water and finally rinsed with ethanol. The resulting

powders were collected for analysis after 24 hours of drying in the air (Figure 2-3).

@ =

Lithium
granule

Precursor

I' 1 I' mixture

Volumetric external heating

Figure 2-2. Illustration of TaC-forming reaction. (a) Schematics of the solvothermal reaction. Ta
and C atoms bond in molten lithium to form TaC in a highly-exothermic way. (b) Time-lapse
photographs of the actual reaction. Note that for demonstration purpose the reaction shown in the
photo took place in a heated silicone oil. All other reactions for the fabrication of samples took
place in a heated stainless-steel cylinder, as described above.
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Reaction time: 30~40s » Max. flame temp > 2000°C

Figure 2-2. Illustration of TaC-forming reaction. (a) Schematics of the solvothermal reaction. Ta
and C atoms bond in molten lithium to form TaC in a highly-exothermic way. (b) Time-lapse
photographs of the actual reaction. Note that for demonstration purpose the reaction shown in the
photo took place in a heated silicone oil. All other reactions for the fabrication of samples took
place in a heated stainless-steel cylinder, as described above. (continued)
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Figure 2-3. Detailed powder washing procedures with a photograph of actual TaC sample
produced.
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The techniques depicted here can be universally applied to synthesize other ultra-high temperature

TMCs, including ZrC, NbC, HfC, VC, etc., although synthesis/washing parameters may vary.

2.3. Analytical Techniques

The phase purity of samples was analyzed by X-ray diffraction (XRD, Bruker D2 Phaser,
Germany) using Cu-Ka radiation. The general morphology of particles was imaged by field-
emission scanning electron microscopy (Apreo SEM, ThermoFisher Scientific, Hillsboro, OR,
USA). For each SEM characterization, a small amount of synthesized powder sample was
dispersed in deionized water and ultrasonicated for 15 minutes. A few drops of the slurry were
drip onto a silicon substrate, and subsequently dried in the air prior to imaging. Elemental
composition characterization was performed by energy dispersive spectroscopy (EDS) embedded
in the Apreo SEM and X-ray photoelectron spectroscopy on a custom designed system (SPECS
Surface Nano Analysis GmbH, Berlin, Germany) equipped with a PHOIBOS 150 WAL analyzer
with DDL-2 detector and a FOCUS 500/600 ellipsoidal monochromatic X-ray source with a dual
anode of Al and Ag. The elemental surface compositions are calculated by deconvolution of
individual peak on survey spectra using CasaXPS software. To statistically describe the
morphological modification, particles were evaluated based on multiple SEM images taken at three
different SEM sessions for each sample. At least 300 particles were counted and justified after
each microscopy imaging session, which totals at least 900 particles for each sample. This ensures
the randomness of measurement, as well as statistically significant sampling. For each dopant
precursor concentration, two individual batches of powder were synthesized and characterized

using identical procedures to confirm the repeatability of the results.
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This chapter, in part, has been accepted for publication titled “Morphology Control of
Tantalum Carbide Nanoparticles through Dopant Additions” in the Journal of Physical Chemistry
C, 2021, where the dissertation author was the primary investigator and the co-first author of this
paper. The paper is co-authored by R. Tran (co-first author), S. Lee, A. Bandera, M. Herrera, X.-

G. Li, S.P. Ong, and O.A. Graeve.
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Chapter 3
Dopant-Dependent Morphology Selectivity of Tantalum Carbide Particles

3.1. Brief Introduction

TaC is an ultra-high temperature transition metal carbide (UHT-TMCs) with its properties
holding great engineering relevance under harsh environments. Its high melting temperature
(~4100 K) and exceptional hardness are attributed to its predominant Ta-C covalent bonds within

its rock-salt structure.!

Practical applications of TaC at high temperatures is limited due to the
degradation of mechanical properties caused by porosity, and other microstructural defects, as well
as problems connected to oxidation and creep deformation. Improvement of properties begins
with control of powder size and shape. For example, the work by Kim et al. reported the formation
of dense bodies via the sintering of TaC nanoparticles can largely eliminate the porosity.* This is
due to the increase in its surface area-to-volume ratio as the powder becomes finer, allowing closer
packing of particles, and thus near theoretical density and grain growth prevention. It is possible
to increase the amount of close-packing by using cubic particles instead of the rounded
morphology observed by Kim et al., thereby bringing its density even closer to the theoretical
values. Researchers have also looked into improving the sinterability of ceramic powders by using
cubic-shaped nanoparticles.’ In the work done by Dan ef al., the sintering temperature of CeO,
ceramic was substantially reduced to 1200 °C when ceria nanocubes were used as the raw powder,
compared to 1400 °C for the conventional nanopowder. They attributed the improved sinterability
to the exposure of {100} planes, which possess higher surface energy than the more typical {111}
planes and cause faster grain growth of nanocubes.

Several studies have also explored nanoparticle morphology control to exploit the high

surface area-to-volume ratio in other applications such as catalysis and chemical sensing, whereby
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specific facets, such as those with steps and kinks, will better facilitate chemical reactions than
others.®  As such, there have been a good number of experimental and computational studies
exploring morphology modification. A few experimental efforts have explored shape change in
carbides with cubic crystal structure as a function of carbon stoichiometry or characteristics of
carbon precursor molecules, which influenced the relative growth rate of the dominant {111} and
{100} facets.””!' In addition, previous studies using density functional theory (DFT) explored
molecular adsorption of H2O on ZrC to obtain cubes and octahedrons and carbon adsorption on
Ru to produce nanorods.!'*!* Strain effects had also been explored as parameters for morphological
modifications on Cu and Ni particles, with the increasing strain shown to increase the coverage of
facets containing step sites.'*

Recently, doping has been suggested as a possible driving forces to form nanocubes in
ceramic materials. For transition metal dopants, the interactions between the d-orbitals of dopants
and the anionic p-orbitals of the non-metallic elements in ceramics are thought to promote
adsorption on the {100} facets, especially for metallic dopants with high carbon solubility.®® With
this in mind, the morphology transition of particles from octahedrons to cuboids with an increasing
dopant concentration was successfully demonstrated for Cr-doped WO3 and Ni-doped TiC.”#
However, the fundamental principles behind dopant-induced morphological selectivity and control
remains largely in the shadow.

TaC nanoparticles can be successfully synthesized via a modified solvothermal method,
however, it still lacks means to control its particle shape and obtain highly-faceted/cubic
morphologies. Following the success of previous studies, it is presented hereby, for the first time,
a combined experimental and computational effort that demonstrates and explains the shape

selectivity and morphology evolution of TaC particles using different dopants. A self-sustaining
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high-temperature reaction based on the non-aqueous solvothermal method is used to synthesize
doped TaC particles of different polyhedron shapes. SEM images and XRD patterns were used to
identify the content and shape of the particles synthesized, while XPS and EDS results are coupled
with DFT calculations to explore the underlying principles behind dopant shape selectivity and
morphology evolution. Through a thorough analysis, it is shown that morphology modification
results from a combination of dopant segregation towards the surface in the {111} facets, the sub-
surface segregation in the {100} facets, and dopant interaction with surface carbon through p-d
orbital hybridization. These mechanisms will lower the surface energy, which will suppress the
crystal growth and facilitate the formation of polyhedrons. Doping with Fe and Y, and Ni-Ti co-
doping results in cubes and cuboctahedrons, while Co and Ni doping selectively forms faceted
polyhedrons. This study seeks to provide critical insights into controlling and optimizing the yield
of ceramic nanoparticle powders of desired shapes such as cubes and cuboctahedrons, which have
exceptional potential in tuning the desired properties of ceramic materials. It should be also noted
that the understanding of such solid-state dopant-induced morphology selectivity is still shallow
due to the highly exploratory nature of the study. More material systems need to be both
experimentally and computationally probed to establish broader knowledge foundation in the
scientific communities. This chapter will focus on describing the logics behind the dopant choices,
as well as the detailed results and analysis of the interplay between the dopants and TaC particle

morphologies.

3.2. Rationale of Dopant and Precursor Selection
To alter the shape of synthetic nanoparticles, a number of knobs can be tuned, including
the stoichiometry, local bonding environment, surface characteristics, synthesis media, etc.

Chapter 1 can be referred for a detailed explanation regarding the mechanisms for controlling the
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morphology of nanoparticles. To isolate the effects of the reaction environment and carbide
stoichiometry, a number of synthesis cycles were performed based on the undoped TaC samples.
The corresponding results will be elaborated in later sections. For the doped TaC samples, yttrium
was chosen to be the first dopant candidate due to relatively large difference in the ionic radii
between Y>* (104 A) and Ta** (82 A). The hypothesis is that with larger dopant ions incorporated
into TaC lattices, the local bonding environment between tantalum and carbon atoms changes to
some extent, leading to a deviated crystal growth behavior, which eventually tailors the particle
morphology.

The question then becomes: what is the most suitable reaction precursor to deliver yttrium
to the TaC matrix without substantial formation of secondary phases? Yttrium salts, including
yttrium nitrate [Y(NO3)s, hexahydrate, Sigma Aldrich, 237957] and yttrium chloride (YCls,
anhydrous, Sigma Aldrich, 451363) were initially attempted to be the yttrium source. However,
it turned out that the use of yttrium salts led to significant oxidation and sub-stoichiometric TaC;.
x phases after the high-temperature reactions. Figures 3-1 to 3-3 show the XRD patterns for the
Y-doped TaC samples with 15 at% calculated amount of yttrium addition. It can be clearly
observed from the patterns that noticeable amounts of tantalum oxides and sub-stoichiometric

TaCix phases were present in the final products.
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Figure 3-1. X-ray diffraction pattern of Y-doped TaC sample with 15 at% calculated Y amount
using yttrium nitrate as the precursor.
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Figure 3-2. X-ray diffraction pattern of Y-doped TaC sample with 15 at% calculated Y amount
using yttrium chloride as the precursor. Note the hump at the lower diffraction angles signals the
presence of amorphous oxide phases.
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Figure 3-3. X-ray diffraction pattern of Y-doped TaC sample with 15 at% calculated Y amount
using yttrium chloride as the precursor synthesized through improved reaction setups.

Maintaining the phase purity of near-stoichiometric TaC powders is critical for avoiding
confusion during particle identification under electron microscope. Tantalum oxides and sub-
stoichiometric TaCi.x phases are difficult to be removed through the powder washing steps, as they
hardly dissolve in water or acids. To address this issue, metallic yttrium powder was employed to
substitute yttrium salts as the precursor based on the expectation that it is less chemically reactive
at high temperature compared to yttrium salts. As a result, lesser amount of impurity phases were
detected by XRD (Figure 3-4). Nevertheless, it will be described in the following sections that

doping with Y still faces challenges in defining the facets of TaC particles.
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Figure 3-4. X-ray diffraction pattern of Y-doped TaC sample with 15 at% calculated Y amount
using metallic yttrium as the precursor synthesized through improved reaction setups.

Following the positive results obtained from metallic yttrium powder on improving the
phase purity, most of the other doping elements being investigated in the later stage of the study
were introduced to the TaC matrices using their metal-form precursors.

Unlike choosing Y as the dopant, which is based on the consideration of the difference in
ionic radii, the exploration of other dopants, including Nb, Hf, and Zr, originated from the fact that
they are closely located with Ta on the Periodic Table. Their carbides, NbC, HfC and ZrC, all
form complete solid solutions with TaC as they share the fcc crystal structure. Therefore, these
dopants were expected to enter the TaC lattice and substitute the Ta sites effectively. Moreover,

the phase purity issue was expected to be better contained through the formation of solid solution.
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As such, if the morphology of the resulting particles turned out to be noticeably changed from the
undoped samples, the dopants could be almost immediately attributed to cause the morphology
modification, thus providing a strong support for the principles of this project. Aligning well with
the expectation, the XRD patterns for TaC doped with various amount of Nb displays high phase

purity (Figure 3-5).
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Figure 3-5. X-ray diffraction patterns of Nb-doped TaC samples with different Nb amount using
metallic Nb as the precursor synthesized through improved reaction setups.

The Zr doping, however, induced a noticeable amount of tantalum oxidation similar to the
Y doping (Figure 3-6). The underlying reason can be explained that the addition of Zr, which has
a +4 valence, potentially introduced a significant number of vacancies in the matrices where Ta>*
ions dominate due to charge compensation. As a result, oxygen diffusion was promoted to

facilitate the formation of tantalum oxides during the high-temperature reaction processes. The

90



Hf doping did not show oxidation as severe as the Zr doping, but low-angle oxidation humps and

sub-stoichiometric carbides were seen under XRD (Figure 3-7).
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Figure 3-6. X-ray diffraction pattern of Zr-doped TaC sample with 15 at% calculated Zr amount
using metallic Zr as the precursor synthesized through improved reaction setups.
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Figure 3-7. X-ray diffraction pattern of Hf-doped TaC sample with 15 at% calculated Hf amount
using metallic Hf as the precursor synthesized through improved reaction setups.

In the next phase of experiments, ferromagnetic transition elements including Fe, Ni, and
Co were selected as the dopants in hope that they would have strong interaction with the surface
C atoms of TaC particles via p-d electron orbital hybridization. As described in the report by Nie
et al., the morphology of TiC particles switched from octahedron to truncated cubes when grown
in Ni melt (Figure 3-8). They provided a theory with good validity that Ni selectively adheres to
the {100} facets via strong covalent bonding between Ni-3d and C-2p orbitals. Then, the binding
energy of the {100} facets is reduced and its corresponding growth rate is lowered, leading to its

exposure in the final particle morphology.®
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Figure 3-8. Typical morphology of TiC particles synthesized from (a) non-Ni containing melts and
(b) Ni-containing melts (reprinted with permission from Ref. 8).

Inspired by this theory, and based on the fact that TiC and TaC have both structural and
chemical similarity, doping by Fe, Ni, and Co was explored, although there are still certain
differences in the synthesizing methodologies between the present study and Nie ef al.’s. The

results obtained from this series were the most promising compared to other dopants previously
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depicted. Figure 3-9, 3-10, and 3-11 illustrate the XRD patterns for typical Ni-, Co-, and Fe-doped
TaC produced. It can be clearly seen that the phase purity and the overall crystallinity (the
elimination of amorphous humps) were substantially improved. It also hints that Ni, Co, and Fe
can be more effectively incorporated into the TaC lattice without introducing many secondary
phases.
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Figure 3-9. X-ray diffraction pattern of Ni-doped TaC sample with 15 at% calculated Ni amount
using metallic Ni as the precursor synthesized through improved reaction setups.
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Figure 3-10. X-ray diffraction pattern of Co-doped TaC sample with 15 at% calculated Co amount
using metallic Co as the precursor synthesized through improved reaction setups.
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Figure 3-11. X-ray diffraction pattern of Fe-doped TaC sample with 15 at% calculated Fe amount

using metallic Fe as the precursor synthesized through improved reaction setups.

So far, a variety of material systems based on doping with a single element have been
discussed. To further elucidate the dopant-induced morphology selectivity, dual-element doping
was also attempted using Ni and Ti as the co-dopants. Being demonstrated in the subsequent
sections, Ni was proven to be an effective morphology modifier to produce highly-faceted
cuboctahedron TaC particles. As mentioned in Chapter 1, TaC exhibits a mixed bonding
environment combining covalent Ta-C, ionic Ta-C, and metallic Ta-Ta bonds. One hypothesis is
that increasing the ionicity of TaC will weaken the highly directional Ta-C covalent bonds in the
(100) directions, hence stabilize the {100} faces during crystal growth. It was found by calculation
that the ionicity of transition metal carbides decreases from left to right across the Groups.!?
Therefore, if some Ta sites in TaC were substituted by co-doping with Ti, the overall ionicity of

Ta1xTixC superlattice is expected to increase, making the probability of obtaining cubic-shaped
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particles higher. The overall phase purity of Ni-Ti co-doped TaC samples is surprisingly great.
Figure 3-12 gives an example of a typical XRD pattern seen on the co-doped samples free of

secondary phases.

35000

30000

25000

20000

Intensity

15000

10000

5000

UL

20 30 40 50 60 70 80

20

Figure 3-12. X-ray diffraction pattern of Ni-Ti co-doped TaC sample with 20 at% calculated Ni
amount and 5 at% calculated Ti amount using metallic Ni and Ti as the precursors synthesized
through improved reaction setups.

In summary, the selection of dopants follows the governing principles of crystal growth on
the microscopic level. Metallic precursors of dopants were chosen based on macroscopic

observation of the reaction outcomes.

3.3. Detailed Results and Discussion

3.3.1. Undoped TaC
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Phase-pure TaC particles with no doping were synthesized using excess carbon black as
the raw material. Figure 3-13 gives the XRD pattern of a typical undoped sample (TaC-1) showing
monolithic TaC phase with high crystallinity. The lattice parameter obtained from Rietveld
refinement is 4.4543 + 0.00003 A, which is slightly non-stoichiometric when compared to the
published value of 4.4570 + 0.00010 A.'®!7 This is within the expectation since non-stoichiometry
is one of the characteristics of synthetic transition-metal carbides. Here, the stoichiometry is high

enough to be considered as a model system of tantalum mono-carbide.
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Figure 3-13. X-ray diffraction pattern of undoped TaC sample synthesized with improved reaction
setups.
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Figure 3-14 shows the SEM micrographs of the corresponding undoped TaC sample. The
particle size is less than 100 nm. It can be clearly observed from different magnifications that
most of the particles are irregularly shaped, meaning that no well-defined facets were developed

during the growth process.
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Figure 3-14. Scanning electron micrographs of undoped TaC sample imaged at different
magnifications (TaC-1).
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To explain why the undoped TaC particles showed no facets, the thermodynamic
roughening mechanisms described by several researchers is considered to be applicable in this
case. The final morphology of particles is a reflection of the competition among different
crystallographic surfaces on their growth rates, which is a function of their corresponding surface
energies (y).!8 Faster growth of a particular crystal surface results in quicker extinction of that
surface, leaving the slower growing surfaces as the enclosing surfaces for the final crystal. For the
equilibrium crystal shapes (ECS) of cubic materials, decreasing the growth rate ratio (R =
¥111/Y100) Will lead to more cuboctahedron geometries, while increasing the ratio results in more
cubic geometries. This can be graphically illustrated using the Wulff construction (Figure 3-15).
A value of R below 0.58 results in octahedrons, values between 0.58 and 1.73 results in
cuboctahedrons, the values greater than 1.73 results in cubes. The classical broken bond model
for surface energy dictates that surfaces with a larger areal density of broken bonds are more
unstable (y increases). The areal density of broken bonds for TaC surfaces are 0.199 and 0.345
for the {100} and {111} facets respectively. As such, the {100} facet is expected to be the more

stable than the {111} facet.
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Figure 3-15. An illustration of various particles morphologies corresponding to the surface energy
ratio (R = ¥111/¥100)-
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Burton et al. proposed that facets with a high growth rate will go through thermodynamic
roughening, whereby the crystal morphology transitions from its ECS to a round/irregular shape
due to free energy minimization at elevated temperatures.'® More recently, Jin et al. also reported
similar thermodynamic roughening behavior of TMCs at elevated reaction temperatures.” In the
current study, it is likely that the growth rate of {100} facets has surpassed the temperature
threshold for the thermodynamic roughening due to the extremely high synthesis temperatures
(>2000 K), according to the observation that the inner wall of the quartz test tube was partially
melted after each synthesis. To further verify the validity of this explanation, another set of
undoped TaC samples were synthesized with 30 wt% of commercial TaC powders (99.5%, Alfa
Aesar, 12144) added as the diluent to reduce the flame temperature of the reaction. The particle
morphology of commercial TaC powders was characterized by SEM to avoid confusion when
imaging the in-house synthesized particles. Figure 3-16 reveals that commercial TaC particles are

distinctive by both their size and morphology compared to the synthesized TaC particles.
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Figure 3-16. Scanning electron micrographs of commercial TaC powders imaged at different
magnifications.
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A noticeable difference on the morphology of undoped TaC synthesized with and without
reaction diluent was observed, as shown in Figure 3-17 below. Particles with some defined facets
can be found under SEM, although the population of such particles is not large (~10% out of total
counts). Despite the inability to measure the maximum flame temperature during the reaction, the
effect of the reaction diluent imposed on the final morphology provided experimental evidence
that thermodynamic roughening could in fact be one of the reasons for the morphological

irregularity of undoped TaC particles.
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Figure 3-17. Scanning electron micrographs of undoped TaC sample synthesized with the addition
of 30 wt% commercial TaC powder as the reaction diluent imaged at different magnifications
(TaC-2).
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Experimental approaches can provide evidence. But they are not enough to illuminate the
interplays among the carbon stoichiometry, the surface energy, and the final particle morphology.
Therefore, to better understand why the growth of the undoped TaC particles does not end up being
highly-faceted, computational methods based on the Density Functional Theory (DFT) were
coherently introduced through the collaboration with Dr. Richard Tran and Prof. Shyue Ping Ong
of the Materials Virtual Lab in the Department of NanoEngineering, UC San Diego.?! All DFT
calculations were performed using the Vienna Ab initio Simulation Package (VASP) within the
projector augmented wave (PAW) approach.?>?> The exchange-correlation effects were modeled
using the Perdew-Berke-Ernzerhof (PBE) generalized gradient approximation (GGA) functional,
and all calculations were spin-polarized with a plane wave cutoff of 400 eV.?® The
pseudopotentials used are similar to those used in the Materials Project.?’” The energies and atomic

forces of all calculations were converged within 10* eV and 0.02 eVA™! respectively. I'-centered

. 50 _ 50 _ 50 50 _ 50 . .
k-point meshes of — X=X and — X=X 1 were used for the oriented unit cell and slab

calculations respectively with non-integer values rounded up to the nearest integer.?
The surface energies used to determine the relative stability of all slab systems were

calculated using the surface grand potential which is given by:

1
2A

14 [EStab+X — 3 Niw;] Eq.5

where ES'P is the total energy of the slab (X is a dopant) with i unique species, y; is the chemical
potential of a specie i and N; is the total number of i atoms in the slab, A is the surface area and
the factor of 2 accounts for the slab model containing two symmetrically equivalent surfaces.??
Since there are several possible terminations for the TaC (111) facet, only the most stable
terminations were investigated on their interaction with the dopants. Furthermore, when y has

been determined for several facets, it can be used to construct the Wulff shape.
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To better understand the lack of facets for the undoped TaC samples, the surface energy is
plotted against the chemical potential of carbon (A ) based on the following relationship in Figure
3-18:

y () = i [ES1%P — ¥ Nipi] Eq. 6

The plot includes the facets with Miller indices of (111), (110), (100), and the (111) fcc Ta
surface. Here, the chemical potential of carbon represents the carbon content at the surface. vy is
defined as the difference between the total energy of the slab used to model the surface (ES!4?)
and the summation of chemical potentials (};; N;1;) normalized by the surface area (24). For the
stoichiometric slabs, such as (110) and (100), Y.; N;u; adds up to the total bulk energy, making
Y100 and Y10 constant relative to Apc. The derivation can be expanded in detail as the follows.

In general, the surface energies of undoped TaC can be obtained from the expression:

bulk

Tat 4 T (Auc + EZ7PM9) Eq.7

slab —N7ag

E
y(Auc) = 24

where y(Auc) is the surface energy as a function of the carbon chemical potential, Ay, relative

graphite bulk :
C

to the energy of graphite per atom (E ), 9rac: 1s the Gibbs free energy of bulk TaC per

formula unit, A is the cross-sectional area, ES'4? is the total DFT energy of the slab, I, =
i (Nrq — N¢) is the number of excess or deficient C atoms per surface area, which is negative for

excess C and positive for deficient C, and Ny, and N, is the number of Ta and C atoms in the slab,
respectively. For a stoichiometric system, I'; =0, and the surface energy becomes a constant value
given by:

y = —[Es19% — Npoghutt] Eq. 8

By rearranging Eq. 6 and Eq. 8, and assuming the surface phase is in equilibrium with the bulk,

the chemical potential for all species in the undoped system is connected via Gibbs free energy by:
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gred = Y Nipi = pirq + U Eq. 10

For the non-stoichiometric (111) surface slab terminated by Ta atoms, the carbon deficiency
relative to the bulk TaC results in a positive linear relationship between y;1;, and Apc (see Eq. 7).
At high Apg, the (100) facet is the most stable surface due to the smaller number of broken bonds
compared to the (111) facet. At lower Apc, however, the Ta-terminated (111) surface is
increasingly stabilized as it behaves more like the stable (111) surface in an fcc metal.’® This is
in-line with the Rietveld refinement results mentioned above that the undoped TaC samples have
some carbon deficiency. Moreover, when the calculated work functions of the Ta (111) (4.70 eV)
and TaC (111) (4.62 eV) surfaces are so close, while that of the TaC (100) surface (3.61 eV) is
significantly lower. This allows more cuboctahedron geometries as the stabilization of the (111)

facet pushes its growth rate below the roughening threshold, but not the formation of cubes.
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Figure 3-18. Plot of surface energies for the TaC (100), (111), (110), and the face-centered cubic
Ta (111) slabs as a function of the chemical potential of carbon (Apc).

So far, the mechanisms behind the shape-irregularity of the undoped TaC particles are
elaborated by combining both experimental and computational efforts. To reiterate the purpose of

this study, which is to produce highly-faceted TaC nanoparticles and disclose the underlying
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mechanisms for the morphology selectivity, the following sections will describe how different

dopants affect the morphology of TaC nanoparticles.

3.3.2. Y-Doped TaC

As depicted in Section 3.2., Y was the first dopant being incorporated in TaC through this
study. Due to precursor and reaction setup optimizations, along with other uncertainties associated
with the early stage of experiments, mixed results were obtained. For the trials done with yttrium
salt precursors, the particle morphologies under SEM showed no defined facets (Figure 3-19).
Some even developed into uncommon shapes, making it hard to justify that they were derived
from TaC crystals [Figure 3-19 (g)]. Although the main crystalline phase is still TaC, according
to the XRD patterns in Figures 3-1 to 3-3, there is a good chance that the particles imaged by SEM
contain many undesired phases, such as the tantalum oxides and sub-stoichiometric carbides.
Hence, the confusion in particle identification caused by impurities triggered the dismissal of

yttrium salts to be used as the precursors.
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(b)

Figure 3-19. Scanning electron micrographs at different magnifications of Y-doped TaC sample
with 15 at% calculated Y amount using yttrium nitrate (a)-(c) and yttrium chloride (d)-(g) as the
precursors.
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Figure 3-19. Scanning electron micrographs at different magnifications of Y-doped TaC sample
with 15 at% calculated Y amount using yttrium nitrate (a)-(c) and yttrium chloride (d)-(g) as the
precursors. (continued)
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Figure 3-19. Scanning electron micrographs at different magnifications of Y-doped TaC sample
with 15 at% calculated Y amount using yttrium nitrate (a)-(c) and yttrium chloride (d)-(g) as the
precursors. (continued)

Figure 3-20 presents the morphology of TaC particles with a series of Y doping using Y

metal powder as the precursor. The phase purity of sample Y-1 to Y-5 is indicated by the XRD

patterns in Figure 3-21.
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Figure 3-20. Scanning electron micrographs of Y-doped TaC samples with different doping levels
using metallic Y as the precursor: (a) and (b) 10 at% calculated Y amount (Y-1); (c) to (e) 15 at%
calculated Y amount (Y-2); (f) to (h) 20 at% calculated Y amount (Y-3); (i) and (j) 25 at%
calculated Y amount (Y-4); (k) and (1) 30 at% calculated Y amount (Y-5).
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(d)

Figure 3-20. Scanning electron micrographs of Y-doped TaC samples with different doping levels
using metallic Y as the precursor: (a) and (b) 10 at% calculated Y amount (Y-1); (c) to (e) 15 at%
calculated Y amount (Y-2); (f) to (h) 20 at% calculated Y amount (Y-3); (i) and (j) 25 at%
calculated Y amount (Y-4); (k) and (1) 30 at% calculated Y amount (Y-5). (continued)
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Figure 3-20. Scanning electron micrographs of Y-doped TaC samples with different doping levels
using metallic Y as the precursor: (a) and (b) 10 at% calculated Y amount (Y-1); (c) to (e) 15 at%
calculated Y amount (Y-2); (f) to (h) 20 at% calculated Y amount (Y-3); (i) and (j) 25 at%
calculated Y amount (Y-4); (k) and (1) 30 at% calculated Y amount (Y-5). (continued)
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Figure 3-20. Scanning electron micrographs of Y-doped TaC samples with different doping levels
using metallic Y as the precursor: (a) and (b) 10 at% calculated Y amount (Y-1); (c) to (e) 15 at%
calculated Y amount (Y-2); (f) to (h) 20 at% calculated Y amount (Y-3); (i) and (j) 25 at%
calculated Y amount (Y-4); (k) and (1) 30 at% calculated Y amount (Y-5). (continued)
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Figure 3-20. Scanning electron micrographs of Y-doped TaC samples with different doping levels
using metallic Y as the precursor: (a) and (b) 10 at% calculated Y amount (Y-1); (c) to (e) 15 at%
calculated Y amount (Y-2); (f) to (h) 20 at% calculated Y amount (Y-3); (i) and (j) 25 at%
calculated Y amount (Y-4); (k) and (1) 30 at% calculated Y amount (Y-5). (continued)
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Figure 3-21. X-ray diffraction patterns of Y-doped TaC samples with different doping levels using
metallic Y as the precursor.

Although there are still some secondary phases detected by the XRD, the overall phase
purity has improved to a great extent compared to the previous trials where the dopant precursor
was yttrium salts. The SEM micrographs indicate that most of the particles preserve well-defined
shapes, including spheres and highly-faceted cubic particles. Moreover, it is observed that cubic
particles generally have larger sizes, while their percent population is much smaller than the
spherical counterparts. Figure 3-22 statistically summarizes the abundance of TaC particle
morphologies in the Y-doping series by manually counting and assessing at least 900 particles. It
was confirmed that non-faceted particles are still the dominating morphology. No other

polyhedron-typed faceting was found in all Y-doped systems. Further, no clear trend of the
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morphological abundance against the Y concentration can be drew, suggesting that the presence
of particle faceting is not a strong function of the dopant concentration in this case. One possible
explanation to this phenomenon is that the actual Y concentration in each sample detected by the
EDS technique on SEM only ranges from 0.6 to 2.3 at%, as shown in Table 2-1, evidencing that a
significant portion of elemental Y was lost over the course of either the reaction or the powder
washing procedures. However, even higher Y concentrations were not attempted due to the

concern of severe oxidation.

Increasing Y concentration —
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Figure 3-22. Statistical abundance of particle morphology for Y-doped TaC samples with different
doping levels using metallic Y as the precursor. Color legends: Orange — non-faceted particles;
Green — cubic/truncated cubic particles.

It is intriguing that cubic particles are the only form of faceting observed in the Y-TaC

system, despite its relatively small population. The understanding of this part will be deepened

and expanded in the later paragraphs based on the insights from DFT modeling.
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3.3.3. Nb/Zr/Hf-Doped TaC

Figures 3-23 to 3-25 provide the general morphology of TaC particles with Nb, Zr, and Hf
doping respectively. None of these systems shows signs of particle faceting. Therefore, these
dopants can be categorized as “ineffective morphology modifier” having no impact on the growth
of TaC particles. The Nb-TaC system also served as the contrast to those “effective morphology
modifier” in the DFT simulation study to unveil the mechanisms of the dopant-induced
morphology change. One noticeable difference on the Nb-TaC system compared to the Y-TaC, as
well as the Ni-, Co-, and Fe-TaC systems is that the actual concentration of Nb detected by EDS
(ranges from 4.4 to 14.3 at%) is much higher than other dopant elements hereby mentioned. This
is likely caused by the high bulk solubility of Nb in TaC, as NbC and TaC are mutually soluble in

each other.
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(b)

Figure 3-23. Scanning electron micrographs of Nb-doped TaC samples with different doping levels
using metallic Nb as the precursor: (a) and (b) 10 at% calculated Nb amount (Nb-1); (¢) and (d)
15 at% calculated Nb amount (Nb-2); (e) and (f) 20 at% calculated Nb amount (Nb-3).
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(d)

Figure 3-23. Scanning electron micrographs of Nb-doped TaC samples with different doping levels
using metallic Nb as the precursor: (a) and (b) 10 at% calculated Nb amount (Nb-1); (¢) and (d)
15 at% calculated Nb amount (Nb-2); (e) and (f) 20 at% calculated Nb amount (Nb-3). (continued)
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Figure 3-23. Scanning electron micrographs of Nb-doped TaC samples with different doping levels
using metallic Nb as the precursor: (a) and (b) 10 at% calculated Nb amount (Nb-1); (c) and (d)
15 at% calculated Nb amount (Nb-2); (e) and (f) 20 at% calculated Nb amount (Nb-3). (continued)
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(b)

Figure 3-24. Scanning electron micrographs of Zr-doped TaC samples with different doping levels
using metallic Zr as the precursor: (a) and (b) 10 at% calculated Zr amount (Zr-1); (c) and (d) 15
at% calculated Zr amount (Zr-2).
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(d)

Figure 3-24. Scanning electron micrographs of Zr-doped TaC samples with different doping levels
using metallic Zr as the precursor: (a) and (b) 10 at% calculated Zr amount (Zr-1); (c) and (d) 15
at% calculated Zr amount (Zr-2). (continued)
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Figure 3-25. Scanning electron micrographs of Hf-doped TaC samples with different doping levels
using metallic Hf as the precursor: (a) and (b) 10 at% calculated Hf amount (Hf-1); (¢) and (d) 15
at% calculated Hf amount (Hf-2).
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Figure 3-25. Scanning electron micrographs of Hf-doped TaC samples with different doping levels
using metallic Hf as the precursor: (a) and (b) 10 at% calculated Hf amount (Hf-1); (¢) and (d) 15
at% calculated Hf amount (Hf-2). (continued)

3.3.4. Ni-Doped TaC

Ni was the first dopant in this study to massively induce the faceting of TaC particles, as
proven by the SEM micrographs in Figure 3-26. The XRD patterns for the Ni-doped TaC samples

(Ni-1 to Ni-6) show high phase purity with minimal amount of secondary phases (Figure 3-27).

According to the SEM images, clear crystallographic surfaces along with sharp edges and corners
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are exposed in the majority of particles, forming cuboctahedrons. Although the area of different
crystallographic surfaces varies particle by particle, cubes or truncated cubes are rarely seen.
Sample Ni-4 was counted to own the highest percent population of cuboctahedron particles close
to 80% out of all the particles assessed (Figure 3-28). As the final particle morphology is
fundamentally determined by the surface energies of each crystallographic planes, it is certain that
the incorporation of Ni has influenced the relative growth rate of surfaces by changing their surface
energies. Similar to the Y-TaC system, Ni has low bulk solubility in TaC as indicated by the

elemental quantification data through EDS in Table 2-1.
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Figure 3-26. Scanning electron micrographs of Ni-doped TaC samples with different doping levels
using metallic Ni as the precursor: (a)-(c) 5 at% calculated Ni amount (Ni-1), with (c) showing
particularly the typical cuboctahedron morphology; (d) and (e) 10 at% calculated Ni amount (Ni-
2); () and (g) 15 at% calculated Ni amount (Ni-3); (h)-(j) 20 at% calculated Ni amount (Ni-4); (k)
and (1) 25 at% calculated Ni amount (Ni-5); (m) and (n) 30 at% calculated Ni amount (Ni-6).
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(d)

Figure 3-26. Scanning electron micrographs of Ni-doped TaC samples with different doping levels
using metallic Ni as the precursor: (a)-(c) 5 at% calculated Ni amount (Ni-1), with (c) showing
particularly the typical cuboctahedron morphology; (d) and (e) 10 at% calculated Ni amount (Ni-
2); () and (g) 15 at% calculated Ni amount (Ni-3); (h)-(j) 20 at% calculated Ni amount (Ni-4); (k)
and (1) 25 at% calculated Ni amount (Ni-5); (m) and (n) 30 at% calculated Ni amount (Ni-6).
(continued)

132



(2

Figure 3-26. Scanning electron micrographs of Ni-doped TaC samples with different doping levels
using metallic Ni as the precursor: (a)-(c) 5 at% calculated Ni amount (Ni-1), with (c) showing
particularly the typical cuboctahedron morphology; (d) and (e) 10 at% calculated Ni amount (Ni-
2); () and (g) 15 at% calculated Ni amount (Ni-3); (h)-(j) 20 at% calculated Ni amount (Ni-4); (k)
and (1) 25 at% calculated Ni amount (Ni-5); (m) and (n) 30 at% calculated Ni amount (Ni-6).
(continued)
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Figure 3-26. Scanning electron micrographs of Ni-doped TaC samples with different doping levels
using metallic Ni as the precursor: (a)-(c) 5 at% calculated Ni amount (Ni-1), with (c) showing
particularly the typical cuboctahedron morphology; (d) and (e) 10 at% calculated Ni amount (Ni-
2); () and (g) 15 at% calculated Ni amount (Ni-3); (h)-(j) 20 at% calculated Ni amount (Ni-4); (k)
and (1) 25 at% calculated Ni amount (Ni-5); (m) and (n) 30 at% calculated Ni amount (Ni-6).
(continued)
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Figure 3-26. Scanning electron micrographs of Ni-doped TaC samples with different doping levels
using metallic Ni as the precursor: (a)-(c) 5 at% calculated Ni amount (Ni-1), with (c) showing
particularly the typical cuboctahedron morphology; (d) and (e) 10 at% calculated Ni amount (Ni-
2); () and (g) 15 at% calculated Ni amount (Ni-3); (h)-(j) 20 at% calculated Ni amount (Ni-4); (k)
and (1) 25 at% calculated Ni amount (Ni-5); (m) and (n) 30 at% calculated Ni amount (Ni-6).
(continued)
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Figure 3-26. Scanning electron micrographs of Ni-doped TaC samples with different doping levels
using metallic Ni as the precursor: (a)-(c) 5 at% calculated Ni amount (Ni-1), with (c) showing
particularly the typical cuboctahedron morphology; (d) and (e) 10 at% calculated Ni amount (Ni-
2); () and (g) 15 at% calculated Ni amount (Ni-3); (h)-(j) 20 at% calculated Ni amount (Ni-4); (k)
and (1) 25 at% calculated Ni amount (Ni-5); (m) and (n) 30 at% calculated Ni amount (Ni-6).
(continued)
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Figure 3-27. X-ray diffraction patterns of Ni-doped TaC samples with different doping levels using
metallic Ni as the precursor.
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Figure 3-28. Statistical abundance of particle morphology for Ni-doped TaC samples with different
doping levels using metallic Ni as the precursor in comparison with the undoped TaC sample.
Color legends: Orange — non-faceted particles; Blue — cuboctahedron particles.

To further evaluate the effectiveness of Ni for modifying the morphology, Ni-doped ZrC
samples was also synthesized and briefly characterized in addition to the Ni-TaC system. Figure

3-29 below presents that the morphology of ZrC particles evolved from facet-less shapes to

cuboctahedrons after incorporating Ni.
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Figure 3-29. Scanning electron micrographs of (a) undoped ZrC sample, (b) Ni-doped ZrC sample
with 10 at% calculated amount of Ni, and (c) 15 at% calculated amount of Ni.
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3.3.5. Co-Doped TaC

SEM images below revealed that Co doping behaves similar to Ni on the type of
morphology it induced, namely, the cuboctahedrons (Figure 3-30). It also yielded excellent phase
purity of the products (Figure 3-31). However, the overall percent population of cuboctahedron
particles is less than that of Ni-doped samples with its highest abundance being close to 60% on

sample Co-3, as summarized by the statistical abundance chart in Figure 3-32.
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Figure 3-30. Scanning electron micrographs of Co-doped TaC samples with different doping levels
using metallic Co as the precursor: (a) and (b) 5 at% calculated Co amount (Co-1); (¢) and (d) 10
at% calculated Co amount (Co-2); (e) and (f) 15 at% calculated Co amount (Co-3); (g) and (h) 20
at% calculated Co amount (Co-4); (i) and (j) 25 at% calculated Co amount (Co-5); (k) and (1) 30
at% calculated Co amount (Co-6).
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Figure 3-30. Scanning electron micrographs of Co-doped TaC samples with different doping levels
using metallic Co as the precursor: (a) and (b) 5 at% calculated Co amount (Co-1); (¢) and (d) 10
at% calculated Co amount (Co-2); (e) and (f) 15 at% calculated Co amount (Co-3); (g) and (h) 20
at% calculated Co amount (Co-4); (i) and (j) 25 at% calculated Co amount (Co-5); (k) and (1) 30
at% calculated Co amount (Co-6). (continued)
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Figure 3-30. Scanning electron micrographs of Co-doped TaC samples with different doping levels
using metallic Co as the precursor: (a) and (b) 5 at% calculated Co amount (Co-1); (¢) and (d) 10
at% calculated Co amount (Co-2); (e) and (f) 15 at% calculated Co amount (Co-3); (g) and (h) 20
at% calculated Co amount (Co-4); (i) and (j) 25 at% calculated Co amount (Co-5); (k) and (1) 30
at% calculated Co amount (Co-6). (continued)
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Figure 3-30. Scanning electron micrographs of Co-doped TaC samples with different doping levels
using metallic Co as the precursor: (a) and (b) 5 at% calculated Co amount (Co-1); (¢) and (d) 10
at% calculated Co amount (Co-2); (e) and (f) 15 at% calculated Co amount (Co-3); (g) and (h) 20
at% calculated Co amount (Co-4); (i) and (j) 25 at% calculated Co amount (Co-5); (k) and (1) 30
at% calculated Co amount (Co-6). (continued)
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Figure 3-30. Scanning electron micrographs of Co-doped TaC samples with different doping levels
using metallic Co as the precursor: (a) and (b) 5 at% calculated Co amount (Co-1); (¢) and (d) 10
at% calculated Co amount (Co-2); (e) and (f) 15 at% calculated Co amount (Co-3); (g) and (h) 20
at% calculated Co amount (Co-4); (i) and (j) 25 at% calculated Co amount (Co-5); (k) and (1) 30
at% calculated Co amount (Co-6). (continued)
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Figure 3-30. Scanning electron micrographs of Co-doped TaC samples with different doping levels
using metallic Co as the precursor: (a) and (b) 5 at% calculated Co amount (Co-1); (¢) and (d) 10
at% calculated Co amount (Co-2); (e) and (f) 15 at% calculated Co amount (Co-3); (g) and (h) 20
at% calculated Co amount (Co-4); (i) and (j) 25 at% calculated Co amount (Co-5); (k) and (1) 30
at% calculated Co amount (Co-6). (continued)
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Figure 3-31. X-ray diffraction patterns of Co-doped TaC samples with different doping levels
using metallic Co as the precursor.
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Figure 3-32. Statistical abundance of particle morphology for Co-doped TaC samples with
different doping levels using metallic Co as the precursor. Color legends: Orange — non-faceted
particles; Blue — cuboctahedron particles.

Abundance of morphology (%)

3.3.6. Fe-Doped TaC

Following the success of generating highly-faceted TaC particles by doping with Ni and
Co, Fe was expected to resemble the effectiveness in alternating the morphology. In fact, the Fe-
TaC system demonstrated another level of particle faceting by creating a significant number of
cubes and truncated cubes, meaning that the {100} surfaces of TaC were prominently stabilized
during crystal growth. The general morphologies of Fe-doped TaC samples are illustrated in
Figure 3-33. Excellent phase purity is maintained through all samples as confirmed by the XRD
patterns (Figure 3-34). Statistical abundance chart in Figure 3-35 summarizes that the percentage

of cubes/truncated cubes reached about 50% of the total counted particles in sample Fe-3 and Fe-
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4. Tt should be noted that the octahedron particles still covered about 30% of the population,

contributing to the total percentage of faceted particles.

Figure 3-33. Scanning electron micrographs of Fe-doped TaC samples showing both
cuboctahedron and cubic particles with different doping levels using metallic Fe as the precursor:
(a) and (b) 3 at% calculated Co amount (Fe-1); (c) and (d) 5 at% calculated Fe amount (Fe-2); (e)-
(g) 10 at% calculated Fe amount (Fe-3) showing the co-existence of two types of faceted particles;
(h) and (j) 15 at% calculated Fe amount (Fe-4); (j) and (k) 20 at% calculated Fe amount (Fe-5); (1)
and (m) 25 at% calculated Fe amount (Fe-6); (n) and (o) 30 at% calculated Fe amount (Fe-7).

150



Figure 3-33. Scanning electron micrographs of Fe-doped TaC samples showing both
cuboctahedron and cubic particles with different doping levels using metallic Fe as the precursor:
(a) and (b) 3 at% calculated Co amount (Fe-1); (c) and (d) 5 at% calculated Fe amount (Fe-2); (e)-
(g) 10 at% calculated Fe amount (Fe-3) showing the co-existence of two types of faceted particles;
(h) and (j) 15 at% calculated Fe amount (Fe-4); (j) and (k) 20 at% calculated Fe amount (Fe-5); (1)
and (m) 25 at% calculated Fe amount (Fe-6); (n) and (o) 30 at% calculated Fe amount (Fe-7).
(continued)
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Figure 3-33. Scanning electron micrographs of Fe-doped TaC samples showing both
cuboctahedron and cubic particles with different doping levels using metallic Fe as the precursor:
(a) and (b) 3 at% calculated Co amount (Fe-1); (¢) and (d) 5 at% calculated Fe amount (Fe-2); (e)-
(g) 10 at% calculated Fe amount (Fe-3) showing the co-existence of two types of faceted particles;
(h) and (j) 15 at% calculated Fe amount (Fe-4); (j) and (k) 20 at% calculated Fe amount (Fe-5); (1)
and (m) 25 at% calculated Fe amount (Fe-6); (n) and (o) 30 at% calculated Fe amount (Fe-7).
(continued)

152



153



Figure 3-33. Scanning electron micrographs of Fe-doped TaC samples showing both
cuboctahedron and cubic particles with different doping levels using metallic Fe as the precursor:
(a) and (b) 3 at% calculated Co amount (Fe-1); (c) and (d) 5 at% calculated Fe amount (Fe-2); (e)-
(g) 10 at% calculated Fe amount (Fe-3) showing the co-existence of two types of faceted particles;
(h) and (1) 15 at% calculated Fe amount (Fe-4); (j) and (k) 20 at% calculated Fe amount (Fe-5); (1)
and (m) 25 at% calculated Fe amount (Fe-6); (n) and (o) 30 at% calculated Fe amount (Fe-7).
(continued)
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Figure 3-33. Scanning electron micrographs of Fe-doped TaC samples showing both
cuboctahedron and cubic particles with different doping levels using metallic Fe as the precursor:
(a) and (b) 3 at% calculated Co amount (Fe-1); (c) and (d) 5 at% calculated Fe amount (Fe-2); (e)-
(g) 10 at% calculated Fe amount (Fe-3) showing the co-existence of two types of faceted particles;
(h) and (j) 15 at% calculated Fe amount (Fe-4); (j) and (k) 20 at% calculated Fe amount (Fe-5); (1)
and (m) 25 at% calculated Fe amount (Fe-6); (n) and (o) 30 at% calculated Fe amount (Fe-7).
(continued)
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Figure 3-33. Scanning electron micrographs of Fe-doped TaC samples showing both
cuboctahedron and cubic particles with different doping levels using metallic Fe as the precursor:
(a) and (b) 3 at% calculated Co amount (Fe-1); (c) and (d) 5 at% calculated Fe amount (Fe-2); (e)-
(g) 10 at% calculated Fe amount (Fe-3) showing the co-existence of two types of faceted particles;
(h) and (j) 15 at% calculated Fe amount (Fe-4); (j) and (k) 20 at% calculated Fe amount (Fe-5); (1)
and (m) 25 at% calculated Fe amount (Fe-6); (n) and (o) 30 at% calculated Fe amount (Fe-7).
(continued)
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Figure 3-33. Scanning electron micrographs of Fe-doped TaC samples showing both
cuboctahedron and cubic particles with different doping levels using metallic Fe as the precursor:
(a) and (b) 3 at% calculated Co amount (Fe-1); (c) and (d) 5 at% calculated Fe amount (Fe-2); (e)-
(g) 10 at% calculated Fe amount (Fe-3) showing the co-existence of two types of faceted particles;
(h) and (j) 15 at% calculated Fe amount (Fe-4); (j) and (k) 20 at% calculated Fe amount (Fe-5); (1)
and (m) 25 at% calculated Fe amount (Fe-6); (n) and (o) 30 at% calculated Fe amount (Fe-7).
(continued)
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Figure 3-34. X-ray diffraction patterns of Fe-doped TaC samples with different doping levels using
metallic Fe as the precursor.
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Figure 3-35. Statistical abundance of particle morphology for Fe-doped TaC samples with different
doping levels using metallic Fe as the precursor. Color legends: Orange — non-faceted particles;
Blue — cuboctahedron particles; Green — cubic/truncated cubic particles.

Abundance of morphology (%)

3.3.7. Ni-Ti Co-Doped TaC

Recall from Section 3.2 that the addition of Ti as the co-dopant aims to stabilize the growth
of {100} surfaces by increasing the ionicity of the TaC lattices. It can be observed from the SEM
images in Figure 3-36 below that there is a pronounced population of cubic TaC particles enclosed
by {100} facets in all Ni-Ti co-doped samples, which is also reflected in the statistical abundance
chart (Figure 3-38). The morphology distribution is comparable with the Fe-TaC system. All
samples with co-doping possess a negligible amount of secondary phases, as shown by the XRD
patterns in Figure 3-37. Owing to the high solubility of Ti in TaC, the actual Ti concentrations in

the final powders were much closer to the calculated precursor concentrations, with the Ni amount
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intentionally kept constant (Table 2-1). Although this result provides strong experimental
evidence to support the hypothesis, it is still of great challenge to reveal the most fundamental
mechanisms responsible for the changes in the growth habits of TaC particles by hands-on

experiments alone.

(a)

(b)

Figure 3-36. Scanning electron micrographs of Ni-Ti co-doped TaC samples showing both
cuboctahedron and cubic particles with fixed amount of Ni (20 at% calculated) and different Ti
doping levels using metallic Ni and Ti as the precursors: (a) and (b) 3 at% calculated Ti amount
(NiTi-1); (c) and (d) 5 at% calculated Ti amount (NiTi-2); (e)-(g) 10 at% calculated Ti amount
(NiTi-3); (h)-(j) 15 at% calculated Ti amount (NiTi-4); (k)-(m) 15 at% calculated Ti amount (NiTi-
5); (n)-(p) 20 at% calculated Ti amount (NiTi-6).
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Figure 3-36. Scanning electron micrographs of Ni-Ti co-doped TaC samples showing both
cuboctahedron and cubic particles with fixed amount of Ni (20 at% calculated) and different Ti
doping levels using metallic Ni and Ti as the precursors: (a) and (b) 3 at% calculated Ti amount
(NiTi-1); (c) and (d) 5 at% calculated Ti amount (NiTi-2); (e)-(g) 10 at% calculated Ti amount
(NiTi-3); (h)-(j) 15 at% calculated Ti amount (NiTi-4); (k)-(m) 15 at% calculated Ti amount (NiTi-
5); (n)-(p) 20 at% calculated Ti amount (NiTi-6). (continued)
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Figure 3-36. Scanning electron micrographs of Ni-Ti co-doped TaC samples showing both
cuboctahedron and cubic particles with fixed amount of Ni (20 at% calculated) and different Ti
doping levels using metallic Ni and Ti as the precursors: (a) and (b) 3 at% calculated Ti amount
(NiTi-1); (c) and (d) 5 at% calculated Ti amount (NiTi-2); (e)-(g) 10 at% calculated Ti amount
(NiTi-3); (h)-(j) 15 at% calculated Ti amount (NiTi-4); (k)-(m) 15 at% calculated Ti amount (NiTi-
5); (n)-(p) 20 at% calculated Ti amount (NiTi-6). (continued)
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Figure 3-36. Scanning electron micrographs of Ni-Ti co-doped TaC samples showing both
cuboctahedron and cubic particles with fixed amount of Ni (20 at% calculated) and different Ti
doping levels using metallic Ni and Ti as the precursors: (a) and (b) 3 at% calculated Ti amount
(NiTi-1); (c) and (d) 5 at% calculated Ti amount (NiTi-2); (e)-(g) 10 at% calculated Ti amount
(NiTi-3); (h)-(j) 15 at% calculated Ti amount (NiTi-4); (k)-(m) 15 at% calculated Ti amount (NiTi-
5); (n)-(p) 20 at% calculated Ti amount (NiTi-6). (continued)
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Figure 3-36. Scanning electron micrographs of Ni-Ti co-doped TaC samples showing both
cuboctahedron and cubic particles with fixed amount of Ni (20 at% calculated) and different Ti
doping levels using metallic Ni and Ti as the precursors: (a) and (b) 3 at% calculated Ti amount
(NiTi-1); (c) and (d) 5 at% calculated Ti amount (NiTi-2); (e)-(g) 10 at% calculated Ti amount
(NiTi-3); (h)-(j) 15 at% calculated Ti amount (NiTi-4); (k)-(m) 15 at% calculated Ti amount (NiTi-
5); (n)-(p) 20 at% calculated Ti amount (NiTi-6). (continued)
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Figure 3-36. Scanning electron micrographs of Ni-Ti co-doped TaC samples showing both
cuboctahedron and cubic particles with fixed amount of Ni (20 at% calculated) and different Ti
doping levels using metallic Ni and Ti as the precursors: (a) and (b) 3 at% calculated Ti amount
(NiTi-1); (c) and (d) 5 at% calculated Ti amount (NiTi-2); (e)-(g) 10 at% calculated Ti amount
(NiTi-3); (h)-(j) 15 at% calculated Ti amount (NiTi-4); (k)-(m) 15 at% calculated Ti amount (NiTi-
5); (n)-(p) 20 at% calculated Ti amount (NiTi-6). (continued)
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Figure 3-37. X-ray diffraction patterns of Ni-Ti co-doped TaC samples with fixed Ni amount (20
at% calculated) and different Ti doping levels using metallic Ni and Ti as the precursors.
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Figure 3-38. Statistical abundance of particle morphology for Ni-Ti co-doped TaC samples fixed
Ni amount (20 at% calculated) and different Ti doping levels using metallic Ni and Ti as the
precursors. Color legends: Orange — non-faceted particles; Blue — cuboctahedron particles; Green
— cubic/truncated cubic particles.

3.3.8. Modeling-Assisted Discussion

In order to probe the effect of dopants on the surfaces, the dopant concentrations of the
morphology modifiers, namely, Ni, Fe, Co, Ni-Ti, and Y are compared in the bulk using energy
dispersive spectroscopy (EDS, penetration depth ~1-2 um below the surface) and near the surface
using X-ray photoelectron spectroscopy (XPS, penetration depth <10 nm below the surface) in
Figure 3-39. The dopant with the greatest surface concentration enrichment (i.e., elemental
concentration by XPS is greater than EDS) is Ni followed by Fe, Y, and Co. Ti and Nb have a

high solubility in the bulk, as shown by the high EDS concentrations. Due to the chemical

similarity of Ti and Ta, TiC is expected to be mutually soluble with TaC, leading to its high
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concentration in the bulk.>! As such, the formation of a bi-carbide solid solution in the bulk in the

form of TiTa3C4, which has a Ti concentration of 12.5 at.% is expected. This is within the range

of the experimentally measured Ti concentration of ~2.2 to 18.5 at.% in the Ni-Ti co-doped system

(refer to Table 3-1 for the dopant concentration in each sample determined by EDS). Henceforth,

Ni-doping in TiTa3Cs will serve as the theoretical analog to Ni-Ti co-doping in TaC.
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Figure 3-39. Plot of the dopant concentrations detected by X-ray photoelectron spectroscopy with
respect to the concentration detected by energy dispersive spectroscopy. The samples chosen for
comparison have the highest abundance of modified particles in each system, namely, Ni-4, Co-3,
Fe-4 and NiTi-5. Shape legends: Pentagon — TiTa3Cs; Circle — TaC.
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Table 3-1. Dopant concentrations of TaC powders determined from energy dispersive
spectroscopy. The dopant concentration of the Ni- and Ti-doped TaC powders represents the
concentration of Ti as the concentration of Ni was fixed to be the same as Ni-4. All values are in
atomic percent.

Sample | Ni-doped | Co-doped | Fe-doped | Y-doped | Nb-doped | Ni-Ti co-
Number | TaC TaC TaC TaC TaC doped TaC
1 0.9 0.9 0.5 0.6 4.4 2.2

2 1.4 1.6 1.2 1.0 7.8 4.1

3 1.7 1.9 2.2 1.3 - 8.0

4 2.5 23 2.7 1.6 - 12.4

5 4.1 2.6 4.0 2.2 - 16.4

6 5.7 3.4 4.2 - - 18.5

7 - - 4.8 - - -

Table 3-2. Dopant concentration of TaC powders determined from

spectroscopy. All values are in atomic percent.

Sample ID | XPS Dopant Conc. Note
Ni-4 8.2 --
o Ni conc. in Ni-Ti
NiTi-4 6.8 co-doped TaC
o Ti conc. in Ni-Ti co-
NiTi-4 5.1 doped TaC
Y-3 3.9 --
Fe-4 5.7 --
Co-2 2.7 --
) Ti conc. in Ti-doped
Ti-2 7.0 TaC
Nb-2 4.3 --
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To take a step further, the calculated surface segregation energies (Eg,, 7Y for the TaC and
TiTazCs {111} and {100} facets for the dopants considered in the study are plotted in Figure 3-41,
while Figure 3-40 illustrates the slab models used to obtain the surface segregation energies. By
comparing dopant stability in the surface and the bulk (defined as the energy difference between a
doped and undoped cell), the location where the dopant will segregate can be determined. This is

dictated by the segregation energy, which is given by:

Eseg

— (Eslab+X _ Eslab)/z _ (Ebulk+X _ Ebulk) Eq. 11
The difference between ES*+X and ES'aP | the calculated total energies of the clean and doped
slab cells respectively, represents dopant stability in the surface. Meanwhile the difference

EPulk+X and EP% | the calculated total energies of the clean and doped bulk cells

between
respectively, represents dopant stability in the bulk. The factor of 2 in the first term accounts for
both surfaces being symmetrically doped. Es., < 0 indicates a segregation tendency towards the
surface, Esg ~ 0 indicates no segregation tendency, and Es, > 0 indicates a segregation tendency
towards the bulk. Only dopants that segregate towards the surface are assumed to influence the
surface energy and thus affect the morphology. Both the top-layer and sub-layer of the surface
were investigated (see Figure 3-40), where the green-dashed box represents the surface, and the
red-dashed box represents the sub-surface.

To simulate the experimental conditions where Ni and Ti were co-doped into TaC, TiTa3Cs4
slabs were generated from a fully relaxed bulk TiTa3;Cs structure, which was in turn generated by
substituting one Ta atom for Ti in the conventional unit cell of TaC [see Figure 3-40(c)-(d)]. Single

substitution for both Ta and Ti atoms, one at a time, was performed for TiTa;Cs. The most dilute

coverage of dopants were investigated, which can be calculated while maintaining slab systems of

less than 200 atoms resulting in a coverage of i and % monolayers (number of dopants per unit
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primitive slab) for the TaC and TiTasCj slabs, respectively. All slabs had a slab and vacuum layer
22 A and 16 A thick to prevent periodic interactions between the dopants and the two surfaces.
All slab systems, including doped slabs, maintained symmetrically equivalent surfaces by ensuring

Laue point group symmetry in the structures to avoid any dipole moments perpendicular to the

28,32-33

surface.
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Figure 3-40. Slab models for (a) TaC (111) and (b) TaC (100) used to calculate segregation
energies. Slab models for (¢) TiTa3Cs (111) and (d) TiTa3C4 (100). The green (surface) and red
(sub-surface) dashed boxes indicate the possible metallic (i.e., Ta and/or Ti) sites a dopant can
substitute. The slab models were constructed using lattice transformations to orient the basal plane
parallel to the Miller index plane of interest. The oriented unit cell was then expanded along the
direction normal to the basal plane followed by a removal of half the atoms in the resulting
supercell to generate a slab and vacuum layer. The most stable termination for the (111) TaC
surface is a Ta-terminated nonstoichiometric slab, while the (100) surface is modeled with a Ta-C
terminated stoichiometric slab (courtesy of Richard Tran, co-first author of Ref. 21).
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Figure 3-41. Calculated segregation energy for the (100) surface with respect to the (111) surface.
Slab models for TaC (111), TaC (100), TiTa;Cs (111), and TiTazCs (100) used to calculate
segregation energies are indicated in Figure 3-40. Shape legends: Pentagon — TiTazCy; Circle —
TaC (courtesy of Richard Tran, co-first author of Ref. 21).

A negative Eg,; T indicates a driving force towards segregation into the surface (defined as

the layer of atoms inside the green and red boxes in Figure 3-40. In agreement with the elemental

analysis in experiments, Nb and Ti exhibit little to no preference to segregate to any surface since

their segregation energies, illustrated in Figure 3-41, show values close to zero for both E S(: ; Y and

f(100)

seg - Incontrast, Ni, Fe, and Co are predicted to preferably segregate to the (111) surfaces. By

F1D £(100)

comparing the Eg.,~* and Eg,; -, it is clear that the E (111)

seg ~ values are less than -2 eV, whereas

Es(;go) is closer to -1 eV. In the case of the Ni-Ti co-doped samples, the Egg, T of Ni in the TiTasCs

solution was calculated and it was demonstrated that Ni strongly tends to segregate to the (111)

surface (see the green pentagon in Figure 3-41). This supports the experimental results that Ni,

176



Fe, and Co have higher concentrations in the surface relative to the bulk. Y also has a highly

Esur f

seg  according to the calculation. However, its microstructural expression makes the

negative
Y-doped TaC a special case to be discussed in the later paragraphs.
The surface atomic density (p) can be used to explain the selective surface segregation of

dopants, as more open surfaces feel less strain from the doping atoms and therefore better facilitate

segregation than close-packed surfaces.>* This could be the major reason why the (111) surface

(p = 0.782) generally has a lower E S than the {100} surface (p = 0.830). This also implies that

seg
less stable surfaces are better at facilitating dopant segregation, as close-packed surfaces are
generally more stable than open surfaces.

To rationalize the relative preference of cuboctahedron/cube (including truncated cube)
formation, enthalpy maps of R as a function of Ap. (y-axis) and Apy (x-axis) where X is the
incorporated dopant in TaC are plotted in Figure 3-42. The yellow dashed line serves as a guide
to partition the maps to where non-cubic/cuboctahedrons (white region), and cubes/truncated
cubes (blue region) form. The larger the chemical potential window of the blue region (indicated
by the percentage values), the more favorable the formation of cubes/truncated cubes becomes. It
should be noted that the enthalpy map does not consider thermodynamic roughening and should
only be used to compare the feasibility of two types of particle formation. Dopant segregation has
two effects. First, the surface dopants modify the range of Ay and Apuy where TaC is stable at the
surface. Second, the surface dopants also modify the surface energies of TaC, and hence R, as a
function of Apc and Apy. The blue region occupies 52.7% of the map for Fe-doping [Figure 3-
42(c)], but only 40.5% and 41.9% for Ni- and Co-doping respectively [Figure 3-42(a) and (b)],
which indicates that the formation of cubes/truncated cubes is relatively more favorable with Fe

doping. Meanwhile, the probability of forming cubes/truncated cubes (which requires R to be as
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close to 1.73 as possible) for Fe-doping is also higher than Ni and Co doping due to the larger blue
region. Ni-doping in TiTazCs will lead to a similarly large window for Au for the formation of
cubic particles, but only under a low Ti content (Adur; < —2.25 eV) and a deficiency of carbon
content in the surface. Since there is no presence of Ti-containing secondary phase in the Ni-Ti
co-doped samples meaning that Ti resides in the bulk, and all the samples are slightly non-
stoichiometric with respect to the carbon content, the enthalpy map reflects the experimental
observations nicely. Moreover, the enthalpy map in Figure 3-42(d) shows that with Y doping,
only cubic morphologies are possible. This is consistent with the statistical abundance shown in

Figure 3-22.
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Figure 3-42. Calculated enthalpy maps of R as a function of Apc and Apy for (a) Ni in TaC; (b)
Co in TaC; (c) Fe in TaC; (d) Y in TaC; (e) Ti in TiTasCs with Apy; = 0 eV. The yellow dashed
line indicates R=1.15 for the onset of cuboctahedrons and partitions the enthalpy map into two
regions. The region below is the Au window for the formation of (truncated) octahedrons and the
region above is the Ap window for the formation of (truncated) cubes. The color bar on the upper
right corresponds to the value of R on the maps (courtesy of Richard Tran, co-first author of Ref.
21).
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Since only the dopants that segregate towards the surface will induce morphology
modification, surface segregation is a prerequisite for influencing y. This is further supported by
the notion that both Nb and Ti have little to no segregation preference towards the surface which
results in no signs of morphological modification in particles synthesized from Nb and Ti-doped
TaC as revealed in Figure 3-23 and Figure 3-43 below. We can therefore attribute the considerably
lower percentage of polyhedrons in the Co-doped system relative to the Ni, Fe-doped, and Ni-Ti
co-doped systems to its comparatively low concentration on the surface (<3 at.%), as revealed by

XPS.

Figure 3-43. Scanning electron micrograph of Ti-doped TaC sample showing no sign of faceted
particles with 15 at% calculated amount of Ti (Ti-2) using metallic Ti as the precursor.
(Sub)-surface segregation is necessary, but not sufficient for dopant interaction with
surrounding atoms and morphology modification. Nie et al. previously suggested that doping of
Ni in TiC may lead to p-d orbital hybridization between Ni and C at the (100) surface, which will

further reduce its surface energy, thus resulting in more cubic particles.® To investigate the effect
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of p-d hybridization between the C and dopant atoms, the Crystal Orbital Hamiltonian Populations
(COHPs) for each dopant bond on the {100} and {111} surfaces was calculated with the help of
the Lobster code.?>3¢ The negative integrated COHP (-ICOHP) was used to quantitatively gauge
the amount of covalent (dopant d and carbon p-orbital interactions) and metallic (dopant d and Ta
d-orbital interactions) contributions to dopant bond strength (see Table 3-3 for percentage
covalency of each dopant). It was observed that for Fe doping in TaC and Ni doping in TiTazC4
that the majority contribution to bond strength is covalent (over 50%) in the (100) surface and
metallic in the (111) surface. This dopant-induced majority covalency in the (100) surface
stabilizes it over the (111), thus explaining the significantly higher yield of cubic nanoparticles for
Fe-doped and Ni-Ti co-doped TaC compared to Ni and Co doping. Yttrium, however, has the
lowest percentage of polyhedrons despite having a higher magnitude of segregation than Co due
to its significantly higher atomic strain energy in TaC. This is because Y has less hybridization
with its neighboring carbon atoms relative to the other dopants, as indicated by the minority bond
contribution being covalent despite the significant decrease in y.

Table 3-3. Percentage of covalency for the dopant bonds at the surface and the corresponding metal

atom that was substituted in the undoped surface. The remainder percentage represents metallicity.
Ni* indicates Ni substituting Ti in TiTa3Ca.

Dopant (hkl) % Covalency
Co (111) 50.30
(100) 54.54
Fe (111) 49.67
(100) 54.55
Ni (111) 45.90
(100) 41.39
Ni* (111) 46.18
(100) 53.27
Y (111) 46.12
(100) 42.73
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Furthermore, the magnitude of Y segregation is not as strong as Ni and Fe according to the
XPS results. Y is known to immediately react with surrounding oxygen to form oxides and
subsequently be removed by acid washing. Y also enhances the diffusion of oxygen to induce
severe formation of Ta-oxides [see the XRD patterns in Figure 3-11(c)]. This not only significantly
decreases the amount of surface Y, but also creates more impurity phases and structural defects
that are not favorable for the facet development of TaC particles. The formation of oxides with

dopants, however, is beyond the scope of computation calculations in this work, and it is likely the

sur
cause to a lower computed E, gf

for Y than what the experiments suggest.

Another phenomenon worth discussing is that a decreasing yield in morphology-modified
particles is seen as the dopant concentration in TaC increases beyond a certain amount (see Figures
for the statistical abundance of particles). For the Ni and Co-doped systems, C atoms may be more
favorable to bind onto the (111) surfaces due to the strong d-p hybridization as the concentration
of Ni and Co further increase. According to the enthalpy maps shown in Figure 3-42, an increase
in surface C content will lead to fewer cuboctahedron particles due to the destabilization of the
(111) facets, which explains its decrease in samples Ni-4 to Ni-6 and Co-3 to Co-6. In the case of
Fe-doping, the binding energy for Fe-C is the strongest among other dopants. The excess amount
of Fe, as its concentration increases, will potentially lead to the formation of iron carbide
compounds on the surface, in addition to the segregated surface dopants. Although none of the
XRD patterns of the Fe-doped samples shows the presence of an iron carbide phase, it is probable
that the amount iron carbide is under the detection limit of XRD. According to the enthalpy map,
it shows that a decrease in surface Fe and C will decrease the abundance of cubic particles, leading

to a peak population in sample Fe-4. Despite the fact that Ti primarily segregates into the bulk

region to form a TiTa;C4 solution, once a significant amount of TiTazC4 has formed, the saturation
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of Ti in the bulk will lead to some extent of surface segregation as the Ti content further increases.
Again, the enthalpy maps show that an increase in surface Ti will lead to fewer cubic particles due
to the stabilization of the Ti-rich (111) facet, which explains its decrease in samples NiTi-5 to

NiTi-6.

3.4. Conclusions

A series of doping elements have been explored in order to study their effects on the particle
morphology of TaC nanoparticles synthesized via a non-aqueous solvothermal method. Both
undoped and doped TaC nanoparticles were successfully produced with high repeatability and
good phase purity. For undoped TaC, it was observed that its morphology can be more faceted by
reducing the reaction temperature to mitigate thermodynamic roughening. For doped TaC, Zr, Hf,
Nb, and Ti are among the dopants that have no noticeable effect to modify the morphology of
synthesized particles, while Ni, Co, Fe, and Ni-Ti are the ones demonstrated to be the effective
morphology modifiers. Ni and Co doped TaC show the majority of their morphology to be
cuboctahedron. Fe doped and Ni-Ti co-doped TaC show both cuboctahedron and cubic
morphologies. Y doped TaC show only cubic morphology but with only a small population. The
EDS and XPS elemental analysis hints that dopant segregation to the surfaces is one of the critical
factors for the dopants to influence the particle morphology. By combining the experimental and
computational efforts, it is clarified that the onset of morphology modification is due to the surface
segregation of dopants and their interaction with the neighboring carbon atoms via d-p
hybridization, which reduces the facet growth rate and prevents thermodynamic roughening. Ni
and Co doping favors cuboctahedrons while Fe doping favors cuboctahedron and cubic geometries

due to its stronger hybridization effect with neighboring C at the (100) surface. Ti dopants will
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form a ternary solution with the TaC host whereby the intrinsic growth rate of the (100) is lower
than the (111) facets due to the lack of Ti atoms on surface of the latter. Y doping segregates
strongly into both facets, but has weaker d-p hybridization. Such dopants are likely to form cubes,
albeit with a lower percentage of total polyhedrons. Figure 3-44 below provides a graphic

summary of the dopant-induced morphology control.

TaC Solid

solution
formation

Little to no
i effect on
morphology

.| surface

cuboctahedrons

Figure 3-44. Summary of the dopant-induced morphology selectivity of TaC nanoparticles.
The mechanisms embedded in this study are expected be widely applicable to other
combinations of dopants and ceramic powders synthesized using similar high-temperature reaction
approaches.  For example, if one seeks to produce highly-faceted (V, Nb, Hf, Zr)-carbide
nanoparticles with fcc crystal structure, doping strategies hereby described can be applied to have
remarkable impact. To think beyond, rare earth elements, other than Y herein discussed, may also

be effective in changing the growth habits of crystals based on surface segregation and dopant-
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host atomic orbital hybridization. Future studies shall be directed to explore more combinations

of dopants and host ceramic materials in order to further elucidate the mechanism behind

morphology evolution and optimize the formation of specific shapes.

This chapter, in part, has been accepted for publication titled “Morphology Control of

Tantalum Carbide Nanoparticles through Dopant Additions” in the Journal of Physical Chemistry

C, 2021, where the dissertation author was the primary investigator and the co-first author of this

paper. The paper is co-authored by R. Tran (co-first author), S. Lee, A. Bandera, M. Herrera, X.-

G. Li, S.P. Ong, and O.A. Graeve.
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Chapter 4
Prospects for Future Research

4.1. Selection of Growth Habit Modifier

Over the course of this work, many means of changing the crystal growth behavior of
inorganic materials have been discussed. Depending on different materials systems and synthesis
approaches, the type of growth habit modifiers ranges from organic monomers, long-chain
polymers to ionic/elemental species. Usually, for certain molecules/atoms to have an observable
impact on the growth habit of a crystal, they need to have strong interaction with the crystal
surfaces, altering their growth kinetics and/or surface thermodynamics. For the TaC system herein
focused, there is still plenty of room to be explored on other candidates for morphology
modification. For example, large rare earth (RE) elements may all tend to segregate towards the
surface layers due to the strain effect. If one can find a RE element that has strong orbital
hybridization with carbon, then it will be a promising morphological modifier in addition to the
ones that have been investigated in this study. For the current study where a high-temperature
synthesis technique is involved, it will also be interesting to search for compounds that are capable
of interacting with crystal surfaces at elevated temperatures so that they may serve as the high-

temperature surface capping agents to change the morphology of the final product.

4.2. Experimental Techniques

Revealing the fundamentals of crystal growth at high temperatures can be experimentally
challenging, as most of the high-temperature reactions are essentially rapid combustion of reacting
species with little flexibility to have full control of the reaction conditions. For instance, the

solvothermal method for the synthesis of TMCs only takes tens of seconds from the beginning of
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ignition to completion. Therefore, if sophisticated tools can be utilized to capture the growth
characteristics at different time frames during the reaction, the understanding of how particles are
grown under the impact of growth habit modifiers can be more directly observed. In fact, this has
been experimentally achieved by Liao ef al. on the growth of Pt nanocubes in a liquid cell using
high-resolution transmission electron microscopy.! The solution-based growth of Pt nanocubes
was directly observed in real-time, with the nucleation being initialized by irradiating the precursor
solution with the electron beam. However, this is not yet possible to directly observe the growth
of UHTC crystals due to their high synthesis temperatures. Nevertheless, it is still worth to try.
For example, rapid quenching of the reaction to potentially obtain the product features in that
specific time frame, followed by microscopic characterization on each sample gathered at each
stage of the reaction. This would require dedicated equipment with precise control of reaction
conditions. This concept can be beneficial to further probe into the formation mechanisms of
faceted TaC (or other UHTC particles) synthesized by solvothermal method. As a type of self-
sustaining high-temperature syntheses, solvothermal method can be considered as a meta-stable
condition due to its fast reaction time and large temperature gradient. If the reaction can be
somehow kept at a high enough temperature for a considerably long period with sufficiently slow
cooling afterwards, particle morphologies at equilibrium state can be obtained, and the competing
effects from kinetics (e.g., doping) and thermodynamics can be explicitly unfolded.

In addition, computational methods have shown powerful capability in explaining the
complicated phenomena in the world of controlled crystal growth, as demonstrated in Chapter 3.
Thus, further research efforts shall be made based on computational calculations to predict suitable

morphology modifiers and to get to the bottom of the reasons behind the change of growth habits.
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The overall progress in designing new materials with unique particle morphologies and

microstructures can also be accelerated.

4.3. Study of Sintering Behaviors and Properties

As addressed in the Motivation of Study section in Chapter 1, this work is fundamentally
driven by the hypothesis that “highly-faceted UHTC particles will have better mechanical
properties upon sintering by SPS.” Therefore, a thorough study on the sintering behavior of
morphology-modified particles shall be proposed. Frankly, this aspect does not necessarily have
to be based on UHTCs. Almost any inorganic materials can be selected as the model systems, as
long as their particle morphology can be effectively altered. Surprisingly, by the time this
dissertation was written, there were still not many published works that provide comprehensive
studies on the correlations between particle morphology and bulk mechanical properties.
Moreover, many contradictory results have been reported on the densification mechanisms in SPS,
particularly on whether there is any plasma generated during the current flow across the particles.>
4 By densifying highly-faceted particles in SPS, it may help clarify the actual mechanisms taking
place during the whole process as the sharp edges and corners of particles can serve as the origin
for plasma discharge, if there will be any. This certainly makes it a significant playground for the

science and engineering communities to explore.

4.4. Conclusions
Controlled synthesis of UHTC particles with selected morphology is so far still in the early
stage of research. While many questions on this topic remain unsolved, it is not difficult for the

researchers to discover new directions and solve some of them. With a deepened understanding
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of the formation mechanisms, the selection of morphology modifiers can be made more
straightforward by combining experimental and computational approaches. Plenty of space exists
for people to answer the unknowns such as “how the morphology of AIN particles can be tailored?”
and “how will the change in morphology of ZrC affect its creep resistance?” These topics are to

be seen of great development in scientific communities in the near future.
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Chapter 5
Conclusions

In this study, the principles of crystal growth are elaborated. The growth of crystals is
governed by both kinetic and thermodynamic mechanisms, forming various particle shapes. The
fundamental principle that governs the crystal growth habit under equilibrium conditions is the
difference in the relative growth rate of facets based on their corresponding surface energies. In
certain conditions, the facet development can also be largely impacted by the kinetically controlled
growth mechanisms. Under these principles, the controlled synthesis of inorganic particles can be
achieved in various ways, including surface capping, concentration tuning, temperature/time
monitoring, as well as external doping. The state-of-the-art research on topics related to the
morphology-controlled syntheses of nanoparticles are reviewed. A large pool of examples,
including metallic nanoparticles and ceramic nanoparticles, are presented in detail. The
morphology control of metallic nanoparticles has been very widely studied, their syntheses were
well-defined, and the formation mechanisms were comprehensively revealed. While for ceramic
materials, their morphology control is often more complicated, and the quantity of published
reports is still relatively handful. Nevertheless, the potential of morphology control of ceramic
particles is tremendous.

Aiming at filling the gaps in the research on UHTCs, TaC was chosen as the model system
to explore the potential of controlling its particles morphology and understanding the fundamental
mechanisms of its shape formation. TaC is attractive due to its high melting temperature, excellent
chemical stability and exceptional hardness. A modified solvothermal synthesis approach was
employed to fabricate phase-pure and highly-crystalline TaC nanoparticles. This method offers

fast reaction time with minimal energy input, making it possible for the scale-up production. To
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manipulate the morphology of synthesized TaC nanoparticles, metallic dopant was incorporated
in TaC during synthesis, and this strategy was proven to be successful. Summarized by statistics,
the single-doping systems, including Ni, Co, and Fe-doped TaC, and the co-doping system Ni-Ti
co-doped TaC demonstrated the strongest effectiveness in modifying the TaC particle morphology.
The general morphology for doped TaC was altered from round/irregular shape to well-defined
highly-faceted cubes/cuboctahedrons with about 80% of abundance, while that of the undoped
TaC was only about 10%. With the combination of experimental and computational methods, it
was found that the onset of morphological modification is due to surface segregation of dopants
and their interaction with the neighboring carbon atoms via d-p hybridization, which reduces the
growth rate to prevent thermodynamic roughening. By coupling the statistical abundance of
particles and the enthalpy maps of R (the surface energy ratio between (111) and (100) facets) with
respect to the chemical potentials, the relative abundance of different types of facetd particles is
rationalized. Cuboctahedrons is favored by Ni and Co-doping, whereas both cuboctahedrons and
cubic geometries are favored by Fe-doping due to its higher carbon binding energy. For the Ni-Ti
co-doped system, Ti forms a solid solution within TaC and the intrinsic growth rate of the (100) is
lower than the (111) facets due to the lack of Ti atoms on the surface of the latter. Further, the
addition of Ni to the Ti-TaC solid solution prevents the thermodynamic roughening, leading to
cubic and cuboctahedron geometries. It is also found that an excess amount of dopants destabilize
the crystal facets, which results in fewer faceted particles. In the case of Y-doping, cubes are likely
to form but with a much lower yield. This is due to the lack of d-p hybridization, despite its strong
segregation into both (100) and (111) surfaces because of the large atomic strain energy. The
mechanisms described in this study are expected to be generally applicable to other ceramic

materials fabricated with high-temperature synthesizing methods.
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In conclusion, the morphology control of ceramic materials is an expansive field to be
further explored by the science and engineering communities. Novel techniques, analyses, and
ideas involving both experimental and computational materials scientists are expected to be
powering the research of this topic to the next level beyond. This study sets an unique example

for the fellow researchers to use for reference.

- END -
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