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Abstract

Boron carbide, one of the third hardest materials known in nature, is distinguished from other
materials by its appealing physical and mechanical properties. Particularly, boron carbide at reduced
dimensions, especially one-dimensional, often exhibits novel properties such as large specific surface
area and high mechanical strength close to its theoretical value. These properties make the boron carbide
nanowire a promising material for numerous applications, such as high-strength lightweight material
applications in which they are exposed to extreme chemical and thermal conditions, including
applications in thermo-electric energy conversion systems, neutron absorbers, and ceramic armors. To
date, however, the growth mechanisms of boron carbide nanowires remain, to a large extent, unknown
due to the complex crystal structure and widely varied composition of boron carbide. The lack of
knowledge of boron carbide nanowire growth mechanisms largely hinders the development of nanowire
synthesis techniques and increases the production cost. Furthermore, the outstanding mechanical
properties make the multiscale structural design and hierarchical morphology control of boron carbide
difficult, thereby restricting the exploration of boron carbide nanowire-based novel devices.

This dissertation studies the growth mechanism, properties, and applications of biomass-derived
boron carbide nanowires. Specifically, in Chapter 2, it is demonstrated that the transformation between
polytypic boron carbide phases promotes boron migration in the nanowire growth. An atomistic mass
transport model was developed to explain such volume-diffusion-induced nanowire growth which cannot
be explained by the conventional surface diffusion model alone. With the proposed growth mechanism,

various biomass materials were explored as raw materials to synthesize boron carbide nanowires. In



Chapter 3, we report that shear-mixing enabled graphene wrapped B4+C nanowires (graphene@B4C-NWs)
empowered exceptional dispersion of nanowires in polymer matrix and superlative nanowire-matrix
bonding. The graphene@B4C-NW reinforced epoxy composites exhibited simultaneous enhancements
in strength, elastic modulus, and ductility. Tailoring the composite interfaces with graphene enabled
effective utilization of the nano-fillers, resulting in 2 times increase in load transfer efficiency. Molecular
dynamics simulations unlocked the shear-mixing graphene/nanowire self-assembly mechanism. In
Chapter 4, we demonstrate multiscale structural design and hierarchical morphology control of boron
carbide. A new type of micro/nano hybrid filler was synthesized by an unconventional cotton aided
method, which has boron carbide microplatelet as the core and radially aligned boron carbide nanowires
as the shell. Such multiscale reinforcement design remarkably enhanced the load carrying efficiency of
boron carbide. In Chapter 5, an unusual cathode configuration for lithium-sulfur (Li-S) batteries was
constructed, employing boron carbide nanowires (BC-NWs) as a skeleton, porous activated textile (ACT)
as a flexible carbon scaffold, and reduced graphene oxide (rGO) as a self-adaptive protective shell. This
BC-NW@ACT/S/rGO cathode achieved superlative sulfur confinement and exceptional electrochemical
performance. These findings significantly advance our understanding of biomass-derived boron carbide
nanowire growth processes and provide new guidelines for the design of nanowire-structured composites

and energy storage devices.
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Chapter 1 Introduction
1.1 Background and motivation

With the development of technology, new materials and novel forms (shape, dimension and
architecture) of materials are urgently needed to meet continuously increasing demand of energy
consumptions, and to address the environmental issues. It is widely acknowledged that natural materials
often excel over engineered materials. The exceptional multifunctional performance benefits from their
hybrid constituents, nanosized building blocks, and perfect unification of hierarchical structure [1-3]. To
mimic natural materials, a great deal of effort has been made to develop nanomaterials, and build things
the way nature does, atom by atom and molecule by molecule [4]. With some dimensions confined in the
nanoscale range (< 100 nm), nanomaterials usually possess unique properties and excellent performance
[5], which can be applied in a diverse range of fields, including energy-storage systems [6-10],
environmental applications [11-13], electronics [14-16], healthcare [17-20], and among many others [21].
As shown in Fig. 1.1, nanomaterials can be classified as zero-dimensional, one-dimensional and two-
dimensional based on geometry, and nanocomposites can be constructed with various configurations
using nanomaterials as fillers [4]. The discovery of carbon nanotubes largely stimulated the researchers’
interest in one-dimensional nanomaterials [22]. Among numerous materials, carbide compounds
continue to spur significant academic interest due to their chemical and mechanical stabilities [23,24].

Boron carbide, one of the third hardest materials known in nature, [25] is distinguished from other
materials by its eminent physical and mechanical properties such as low density (2.5 g/cm?), high melting

point (exceeding 2400 °C), extreme hardness (27.4 - 37.7 GPa), high elastic modulus (460 GPa),

1



chemical inertness, high thermal stability, and a high capture section for neutrons. [25,26] Furthermore,
armed with a unique rhombohedral crystal structure, boron carbide at reduced dimensions, especially 1-
dimensional, often exhibits novel properties such as large specific surface area and high mechanical
strength close to its theoretical value. [27] In addition, boron carbide nanowires are ductile, without
cracking when being bent to an included angle of 70°. [28] Such exceptional properties make boron
carbide nanowire a promising material for numerous applications such as lightweight armor sustaining

extreme conditions, abrasives, electronics, energy-storage systems, and neutron absorbers in nuclear
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Fig. 1.1. Basic types of nanomaterials. The filler materials, whether 0-D, 1-D, or 2-D nanomaterials are used

to make film and bulk nanocomposites. Reprinted from Ashby et al. [4]



reactors. [29,30] Numerous techniques have been used to synthesize boron carbide nanowires, such as
chemical vapor deposition (CVD), [31] Plasma-enhanced chemical vapor deposition (PECVD), [32] and
carbothermal reduction (CTR). [33] However, these techniques normally require complex instruments,
high temperature, expensive raw materials, and strict experimental conditions, which will significantly
increase the production cost, hindering the large-scale industrial productions. Furthermore, the
outstanding mechanical performance makes the multiscale structural design and hierarchical morphology
control of boron carbide difficult, largely limiting the application of boron carbide nanowires in the
various devices. To solve these problems, understanding the growth mechanisms of boron carbide
nanowires is urgently needed, which remain, to a large extent, unknown due to the complex crystal
structure and widely varied composition of boron carbide. The primary structural unit cell of boron
carbide is a rhombohedral arrangement, consisting of 12-atom icosahedra and 3-atom linear chains, with
several distinct crystallographic sites in icosahedral clusters (polar and equatorial) and atomic chains [34-
36] The complex atomic configuration and variety in chemical bonding endow boron carbide with
exceptional properties; yet these features also make the characterization of boron carbide difficult [37],
especially at the atomic level. Furthermore, due to the similarity in electrical and nuclear scattering cross
sections between boron and carbon [34,38], there are many boron carbide polytypes with different
stoichiometric ratios, making the study of boron carbide nanowire growth mechanisms even more
challenging. Therefore, there are many challenges in studying boron carbide nanowires, which need
urgently to be tackled to realize the large-scale industrial production of boron carbide nanowires.

In my dissertation, the work mainly focuses on studying the growth mechanisms of boron carbide



nanowires and based on which, synthesis techniques and applications are further explored to expand the

scope of application.
1.2 Overview of boron carbide

Boron carbide has a rhombohedral structure consisting of 6 polar sites (icosahedron-icosahedron),
6 equatorial sites (icosahedron-chain) and 3 chain sites (chain-chain) (Fig. 1.2). Within an individual
icosahedron, polar and equatorial sites are chemically distinctive. The boron carbide structure can also
be described in terms of a hexagonal lattice [34], in which [0001] hexagonal direction corresponds to the

[111] rhombohedral direction. The rhombohedral lattice parameters ( R3m space group) of boron carbide

are a = 5.16A and a = 65.7° with minor variations due to the existence of a wide range of stoichiometry

N
"™~ icosahedral

/ equatorial sites

[0001]

_ 1010
[0110] ‘__]/' HEEL

Fig. 1.2. Boron carbide lattice showing correlation between the rhombohedral (red) and the hexagonal (blue)

unit cells. Inequivalent lattice sites are marked by arrows. Reprinted from Domnich et al. [34]



ratios. Boron carbide could nonetheless be composed of different polytypes with varied stoichiometry
[35,38] due to the random occupations of boron and carbon atoms, which are difficult to distinguish
because of the fact that !'B and '>C have similar atomic volumes and electronic scattering cross-sections
[39,40]. The range of an atomic fraction of carbon extends from ~8 at. % to ~20 at.% [41,42].

Boron carbide, one of the third hardest materials known in nature (behind diamond and cubic boron
nitride), is distinguished from other materials by its eminent physical and mechanical properties such as
low density (2.5 g/cm?®), high melting point (2763 °C), chemical inertness, high thermal stability, and a
high capture section for neutrons. [25,26] Especially, the densely localized covalent bonds make boron
carbide exhibit extreme hardness and high stiffness. The mechanical properties of boron carbide,
including hardness, Young’s modulus, and strength, vary in a wide range, depending on the carbon
content. For example, the Young’s modulus obtained from experimental data reported so far spans the
range from 319 GPa to 472 GPa, and shear modulus lies in the range of 132 GPa — 200 GPa [34,43-46].
Hardness is respectively measured as ~30 GPa (Knoop hardness) [41], ~47 GPa (Vickers hardness) [47],
and ~42 GPa (Berkovich hardness) [48,49]. Due to the exceptional properties, boron carbide can be
widely used in the fields of sparging, machinery, sealing, drawing, armor, casting, abrasives, nuclear
industry, et. al. The common methods of boron carbide synthesis can be classified as vapor phase
reactions, carbothermic reduction, magnesiothermic reduction, synthesis from elements, synthesis from

polymer precursors, liquid-phase reactions, ion beam method, and vapor-liquid-solid growth [50].



1.3 Synthesis and properties of boron carbide nanowires

Boron carbide at reduced dimensions, especially one-dimensional, continues to spur significant
academic interest to utilize the outstanding properties of boron carbide in nanocomposites. A variety of
methods has been applied to synthesize boron carbide nanomaterials, including carbothermal reductions
(CTR) [31,33,51-57], CNT template-mediated growth [58-61], plasma-enhanced CVD (PECVD) [32,62-
64], chemical vapor deposition (CVD) [27,65-70], electrostatic spinning [71], a porous alumina template-

mediate technique [72], and the annealing process [73]. The vapor-liquid-solid (VLS), vapor-solid (VS),

Table 1.1. Fabrication methods and experimental parameters of boron carbide nanowires

Fabrication methods Carbon Boron source Catalyst Growth Ref.
source temperature (°C)
CTR Carbon black B, B2Os Fes04 nanoparticles 1100 [31,51-54]

B, B20s N/A 1650 [33,55]
B20O3 Co, Ni, Fe 1200-1800 [56]
B204 Co, Ni, Fe 1200-1800 [57]
CNT template- CNT B Ni(NO3). 6H.0 1200 [58]
mediated growth B N/A 1150 [59]
B203 N/A 1100 [60]
B20; N/A 1400 [61]

PECVD C2B1oH12 Fe 1100-1200 [32,62-64]

VLS Cotton B Ni(NOs), 6H,0 1150-1160 [27,65]

Organic binder B Fes04, BaO 1100 [66,67]

VS CH4 B2He Ni, Fe 950-1050 [68,69]
SLS Activated B NixCo,B;, 1150 [70]

carbon
Electrostatic spinning Poly (norbornenyldeca-borane) N/A 1300-1650 [71]
Porous alumina 6,6'-(CH>)s(B1oH13)2 N/A 1025 [72]
template-mediate
technique

Annealing B4C powder Fe(NQOg3)s, Si 1300 [73]




and solid-liquid-solid (SLS) mechanisms have been widely used to explain how one-dimensional
nanostructures grow using CVD methods. Table 1.1 summarizes the various fabrication methods and

different experimental parameters of boron carbide nanowires.

Precursor Elements
(vapor)

(a)

metal catalyst Heat

substrate

Supersaturation

IHM m/, I'Ir{r'l ,I

1D structure

Fig. 1.3. Growth of 1D nano-structures by VLS mechanism. Reprinted from Wagner et al. [75]

In various fabrication methods, catalyst-assisted VLS has gradually generated intense scientific
interest for one-dimensional nanostructure synthesis, due to its simplicity and versatility, since it was
proposed by Wagner in 1964 [74,75]. As shown in Fig. 1.3, three phases coexist in the VLS growth
process: (1) vapor phase (precursor); (2) liquid phase (catalyst); (3) solid phase (precipitated nanowires).
VLS method can greatly lower the reaction energy, correspondingly decreasing the reaction temperature.

Boron carbide nanowires, with the unique crystal structure and high surface area, possess
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extraordinary field emission, thermoelectric, catalytic, and mechanical properties. Tian et al. [51]
measured the field emission current of an individual boron carbide nanowire by using the focused ion
beam system, and an enhancement factor of 10° was observed, suggesting that boron carbide nanowires
are suitable for electron emission nanodevices. Kirihara et al. [65] have reported the electrical transport
and thermoelectric properties of boron carbide nanowires, which achieved a maximum Seebeck
coefficient of +350 4V K and power factor of 264 uW m'K? at T ~ 435 K, higher than bulk boron
carbide. Guan et al. [69] reported that the thermal conductivity of individual boron carbide nanowires
was diameter-dependent with lower thermal conductivity for smaller diameter wires, suggesting that
nanowires significantly enhanced thermoelectric properties compared to corresponding bulk boron
carbide. Luo et al. [58] used a boron carbide nanowire/CNT composite as the cathode material for
lithium-oxygen (Li-O) batteries. Due to the efficient catalytic activity and abundant catalytic sites, boron
carbide nanowires worked as the efficient bifunctional catalyst for oxygen reduction and evolution
reactions in Li-O batteries, with high energy density, favorable rechargeability, and high round-trip
efficiency (76%). Tao et al. [27] measured the elastic modulus of boron carbide nanowires to be
428.149.3 GPa using AFM bending tests. Boron carbide is brittle in nature, but at the nanoscale, exhibits
a ductile feature. Tao et al. [27] observed that boron carbide nanowire had a reversible bending
deformation upon unloading with a maximum strain of 45% (a sharp included angle of 53°), and no crack
was generated. Such ductility of boron carbide was also observed by Ref. [28] (bent to an angle of 70°)

and Ref. [31] (bent to an angle of 160°).



1.4 Overview of the dissertation

In this dissertation, the primary objectives are as follows: (1) study the mass transportation process
during the nanowire growth with the goal to thoroughly explain the growth mechanisms of boron carbide
nanowires via coupled experimental characterization and theoretical analysis; (2) develop and simplify
the synthesis techniques of boron carbide nanowires; (3) explore the low-cost raw materials for boron
carbide nanowire production, such as biomass; (4) tailor the surface of boron carbide nanowires for
various applications; (5) design and fabricate devices with boron carbide nanowires for the applications
of structural materials and energy storage systems.

In Chapter 2, a polytype transformation assisted growth mechanism was proposed in boron carbide
nanowires. The growth mechanism of boron carbide nanowires remains, to a large extent, unknown due
to the complex crystal structure and widely varied composition. To thoroughly study the growth
mechanism in boron carbide nanowires, boron transport during growth process was described using a
polytype transformation assisted volume-diffusion model, which was consistent with the experimental
characterization. Based on the mechanisms of nanowire growth, more biomass materials were explored
to reduce the nanowire production cost with the goal to achieve large-scale production.

In Chapter 3, a graphene interface engineering technique was reported which glued B4C nanowires
with epoxy, enabling exceptionally enhancements in both strength and toughness. In specific, high-
density B4C nanowires were obtained via a vapor-liquid-solid (VLS) process. High-quality graphene
sheets were converted directly from graphite and simultaneously wrapped onto the B4C nanowires by

shear-mixing. The as-obtained graphene wrapped B4C-nanowires (graphene@B4C-NWs) exhibited



excellent dispersion in water. Graphene@B4+C-NWs were dispersed into epoxy resin to fabricate
nanocomposites in order to investigate the effect of nano-filler surface treatment on the mechanical
performance of the nanocomposites. Such graphene edited B4C nano-fillers largely improved the
dispersion performance, and enhanced the load transfer efficiency of the reinforcements, leading to the
overall improved mechanical performance of the composites.

In Chapter 4, lightweight yet strong and tough multiscale hybrid boron carbide fillers were used to
reinforce epoxy. Multiscale boron carbide fillers were designed and synthesized. Epoxy composites
reinforced by multiscale boron carbide fillers were fabricated and characterized by tensile testing,
scanning electron microscopy (SEM) and digital image correlation (DIC). Furthermore, an analytical
model was built to describe the multiscale reinforced performance of boron carbide.

In Chapter 5, boron carbide nanoskeleton enabled, flexible lithium-sulfur batteries were fabricated
and characterized, extending the application of boron carbide nanowires to the field of energy storage.
In this chapter, we successfully fabricated a flexible, free-standing cathode with hierarchical structures
for Li-S batteries with the flexible activated cotton textile (ACT) cloth as the substrate, boron carbide
nanowires as the skeleton, reduced graphene oxide (rGO) as the protective skin. The BC-
NW@ACT/S/tGO cathode demonstrated the combined advantages of ACT, boron carbide nanowires and

rGO, yielding a significant improvement of electrochemical performance for batteries.
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Chapter 2 Polytype transformation assisted growth mechanism in boron carbide

nanowires
2.1 Introduction

Boron carbide nanowires continue to spur significant academic interest due to their versatility in a
diverse range of applications. Particularly, boron carbide nanowires are highly suited for high-strength
lightweight material applications in which they are exposed to extreme chemical and thermal conditions,
including applications in thermoelectric energy conversion systems, neutron absorbers, and ceramic
armors. [1-4] Although numerous techniques have been used to synthesize boron carbide nanowires, such
as chemical vapor deposition (CVD) [5], plasma-enhanced chemical vapor deposition (PECVD) [6,7]
and carbothermal reduction (CTR) [8], the growth mechanisms of boron carbide nanowires remain, to a
large extent, unknown due to the complex crystal structure and widely varied composition of boron
carbide. Surface diffusion [9-12] is considered the prominent atomic migration mechanism, enabling
traditional vapor-liquid-solid (VLS) growth [13]. However, the boron transportation mechanism in boron
carbide nanowire growth has not been unveiled experimentally. Boron possesses unique characteristics
requiring further analysis; interestingly, boron was reported to be the only substitutional impurity element
found in graphite. [14] In metals, boron was found to diffuse through a special vehicle-free direct-
exchange (DE) mechanism. [15] Thus, conventional surface diffusion theory alone cannot explain boron
carbide nanowire growth.

The primary structural unit cell of boron carbide is a rhombohedral arrangement, consisting of 12-

atom icosahedra and 3-atom linear chains [16-18], with several distinct crystallographic sites in
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icosahedral clusters (polar and equatorial) and atomic chains. The complex atomic configuration and
variety in chemical bonding endow boron carbide with exceptional properties; yet these features also
make the characterization of boron carbide difficult [19], especially at the atomic level. Furthermore, due
to the similarity in electrical and nuclear scattering cross sections between boron and carbon [16,20],
there are many boron carbide polytypes with different stoichiometric ratios, making the study of boron
carbide nanowire growth mechanisms even more challenging.

In this chapter, boron carbide nanowire growth mechanisms were studied by coupled high-
resolution transmission electron microscopy (HRTEM) and digital image correlation (DIC) techniques.
Importantly, we demonstrate the direct evidence that boron carbide (BxCy) polytype transformations
facilitate nanowire growth. The first-principles calculation further unveiled that boron atoms migrate in
boron carbide nanowires through the polytypic phase transformation. A theoretical model of volume-
diffusion-assisted nanowire growth was established to accommodate the observed phase transformation
effect; the model was found to be in good agreement with experimental results. Based on the proposed

growth mechanisms, various biomass was explored to grow boron carbide nanowires.
2.2 Lattice distortion measurements in boron carbide nanowires

2.2.1 Experimental methods

The synthesis of the boron carbide nanowire/substrate hybrid structure was performed by loading a
boron source and the catalyst into the cotton textile via dipping and drying. Amorphous boron powders
and cotton were used as boron and carbon sources, respectively. Firstly, a Ni-B emulsion was mixed by

dissolving 7g of Ni(NO,). -6H.O and 4g of amorphous boron powders into 10ml of ethanol under
g/8 3), 2 g p p
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ultrasonic vibration. A piece of cotton textile was cut into a size of 1 cm x 2 cm and then immersed into
the Ni-B emulsion. The as-dipped piece was dried at 70°C in a preheated oven for 3h. The boron carbide
nanowires were synthesized in a horizontal alumina tube furnace (diameter: 60mm, length: 790mm). The
nickel and boron-loaded cotton textile was placed in the middle of the tube furnace and heated to 1160°C
with 300 sccm (standard cubic centimeter) continuous flow of argon at atmospheric pressure. The
morphology and crystal structure of the as-synthesized and annealed samples were characterized using
scanning electron microscopy (SEM; Quanta 650), transmission electron microscopy (TEM;
2000FX), high resolution transmission electron microscopy (HRTEM; FEI Titan 80), X-ray Diffraction
(XRD; PANalytical X'Pert Pro MPD) and Raman spectroscopy (Raman; InVia Raman microscope,
Renishaw). Lattice distortion was calculated using the digital image correlation technique (DIC).
Comparing “deformed” and “undeformed” images via the DIC method [21,22] allowed for the
calculation of distortion in the lattice parameters of boron carbide. The analysis was performed using the
Vic-2D software package (Correlated Solutions, South Carolina, USA). Here, the reference image (i.e.
“undeformed” image) was obtained from the HRTEM image simulated by the multislice method (JEMS)
[23], choosing @ = 5.16A and a = 65.7° [24] as ideal rhombohedral lattice parameters, as shown in Fig.
2.1 (a). Both simulated and experimentally captured HRTEM images were operated by the morphological
method to extract the atomic arrangements (Fig. 2.1 (c,d)). Depending on the measurement of atomic
arrangements, the images with a dotted pattern (Fig. 2.1 (e,f)) were created, which were used as the input

data for DIC calculations.
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Fig. 2.1. Procedure of exploring input data for DIC calculation. (a) Ideal simulated HRTEM image of boron
carbide with [010] as zone axis. (b) HRTEM image of boron carbide nanowires. (c-d) Atomic arrangements
were extracted from (a) and (c) by morphological method, respectively. (e-f) Dotted patterns were created

according to (¢) and (d).

2.2.2 Results and discussion

High-density boron carbide nanowires were synthesized at 1160 °C utilizing amorphous boron
powder as the boron source, carbonaceous gases generated from cotton as the carbon source and nickel(II)
nitrate as the catalyst [25]. As shown in Fig. 2.2 (a), uniformly aligned boron carbide nanowires with

catalytic particles on their tips were grown on cotton microfibers. Inspection by X-ray diffraction (XRD)
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(Fig. 2.2 (b)) revealed that the nanowires were of rhombohedral boron carbide (JCPDS No. 6-0555) with
nickel boride in the catalyst. Because of the small particle sizes and the addition of nickel in the as-
prepared samples, peak broadening and shifting were observed. [26] The electron energy loss
spectroscopy (EELS) of individual nanowires unveiled that the C(1s) K-edge fine structure exhibited a

weak 7* peak, indicating that the majority of the carbon came from boron carbide nanowires. [27,28]
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Fig. 2.2. Structural and chemical characterization of boron carbide nanowires. (a) SEM image and TEM image
inset, showing the typical morphology of boron carbide nanowires. (b) XRD pattern of boron carbide
nanowires, in good agreement with B4C JCPDS No. 6-0555. (c) EELS pattern, showing that the nanowire is of
composition B;Cy29+0.041, the inset shows the EELS elemental maps of boron (green), carbon (red) and nickel
(blue). (d) Variation of composition in the boron carbide nanowire determined by EELS line profile along the

length of the wire.
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The average C/B atomic ratio of the nanowire was measured to be 0.29+0.041. The inset in Fig. 2.2 (c)
presents the EELS elemental maps of boron (green), carbon (red) and nickel (blue), respectively. The
EELS line profile along the nanowire (Fig. 2.2 (d)) revealed that boron atoms migrated into the nickel

nanoparticle via the reaction with carbon in the vapor phase, promoting the growth of the nanowire.

Fig. 2.3. Simulation by the multislice method (JEMS). (a) Atomic arrangement of the boron carbide super-cell,

viewed down [010]; (b) A through-focal series of HRTEM contrast images with 10 nm defocus steps.

High-resolution transmission electron microscopy (HRTEM) revealed that the as-synthesized
nanowires were single crystals with diameters less than 100nm through most of the wires. Compared
with the multislice simulations of HRTEM contrast images (Fig. 2.3), Fig. 2.4 (a) shows a boron carbide
nanowire with axial growth plane (501) and the corresponding Fast Fourier Transform (FFT) pattern
with a zone axis [010]. As displayed in Fig. 2.4 (b), the measured interplanar spacings of 0.45 nm and
0.43 nm point toward the (100) and (001) planes of rhombohedral boron carbide. Careful
examination of the HRTEM image (Fig. 2.4 (b)) unveiled that the measured spacings varied from one

location to another, suggesting the presence of heterogeneous lattice strain in the nanowire. To reveal the
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Fig. 2.4. HRTEM inspection and lattice distortion characterization of boron carbide nanowires. (a) HRTEM
image and corresponding FFT pattern of a boron carbide nanowire. (b) Close-up observation and the Bloch
wave method (JEMS) simulated image of the nanowire. (c¢) Lattice strain fields obtained by DIC at the top and
bottom regions of the nanowire, respectively. (d) Statistics of the interplanar spacing distribution around various

regions of the nanowire.

strain field in the nanowire, we processed the HRTEM image with reference to a perfect B4C crystal
lattice (Rém space group, a=5.16A and «=65.72[24,29]) via digital image correlation (DIC)
(supplemental materials). Along the wire growth direction, the atomic strain fields at the top and bottom

of the nanowire were calculated respectively, as shown in Fig. 2.4 (c). As obtained from the

24



corresponding strain fields, the distribution of interplanar spacings was displayed in Fig. 2.4 (d),
revealing oscillatory lattice distortions lied in the range of 1.65-1.95 A with a mean value of
approximately 1.85 A. However, the distribution of the interplanar spacing near the wire top (blue) was
obviously more concentrated with a standard deviation (SD) of 0.0367, whereas the bottom area (red)
exhibited a more scattered distribution with a SD of 0.0611, suggesting that at the bottom of the nanowire
lattice distortions were more pronounced. Based on the strain mapping produced via DIC results, similar
distortions of the (203) interplanar spacing were observed along the radial direction of the nanowire, as

shown in Fig. 2.5, which was induced by different atomic arrangements.

Growth direction

Fig. 2.5. Interplanar spacing map obtained by DIC along axial direction of nanowire.

2.3 Polytypic boron carbide transformation in nanowires

Why did such large lattice distortions arise during the boron carbide nanowire growth? It is

noteworthy that the lattice parameters of boron carbide vary due to the wide compositional range possible
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Fig. 2.6. The rthombohedral unit cell of boron carbide lattice contains polar sites (pink),

equatorial sites (blue) and chain sites (gray).
in boron carbide [16,28]. The boron carbide crystal structure (Fig. 2.6) consists of 12-atom icosahedra
and 3-atom chains, including 6 polar sites (icosahedron-icosahedron), 6 equatorial sites (icosahedron-
chain) and 3 chain sites (chain-chain). Although our XRD and HRTEM inspections jointly revealed that
the as-synthesized boron carbide nanowires are of a single rhombohedral phase [19], they could
nonetheless be composed of different polytypes with varied stoichiometry [17,30] due to the random
occupations of boron and carbon atoms, which are difficult to distinguish because of the fact that ''B and
12C have similar atomic volumes and electronic scattering cross-sections [20,29]. To fundamentally
understand the atomic arrangements in the synthesized boron carbide nanowires, density functional
theory (DFT) calculations were performed to obtain the formation enthalpies of possible polytypic boron
carbides at OK. All calculations in this section were performed using Cambridge Serial Total Energy
Package (CASTEP) [31] based on density functional theory (DFT). Gradient-corrected approximation
(PW 91 function) was selected to describe the exchange and correlation energy. The Broyden—Fletcher—

Goldfarb—Shanno (BFGS) minimizer was used to perform cell optimization, and the convergence
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Fig. 2.7. (a) Formation enthalpy of selected boron carbide polytypes at OK calculated using first
principles method. (b) Comparison of measured interplanar spacings with theoretical values.
tolerance of total energy was set to be 5x10”7eV/atom.
Polytypic boron carbides were noted as (BxCep)y)-XXX. Where XXX represents the chain atoms,

and e/p represents equatorial or polar sites that the carbon atom occupies. The unit formation enthalpy

(AH B,C, » € V/atom) of boron carbide is defined as [32]:
AH, . =[H(B,C,)—mH (a-Boron)—nH (Graphite) | /(m+n), 2.1)

As shown in Fig. 2.7 (a), all boron carbide polytypes have negative formation energies, indicating high
stability. However, the formation enthalpies of different boron carbide polytypes are all slightly different
(in the range of -0.6 ~ -0.1eV) and are comparable in terms of kinetic energy (KgT , T=1433K).
According to the Ostwald rule [33,34], the metastable boron carbide phase, as an intermediate product,
forms first and subsequently transforms into a stable phase. Therefore, during boron carbide nanowire
growth, all polytypes of boron carbide could form with some of them becoming stable. However, the

difference in formation energies between boron carbide polytypes is so small that phase transformations
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between polytypic boron carbides could easily occur at high temperature.

To study the influence of stoichiometric ratio on lattice distortion, the lattice parameters of
polytypic boron carbides were optimized by DFT and the interplanar spacings of the (201) crystal
planes were calculated. The calculated lattice parameters and corresponding interplanar distance along

the growth direction of the nanowires are shown in Table 2.1.

Table 2.1. Lattice constants and corresponding interplanar spacings calculated by DFT

Lattice constants Interplanar spacing
Crystal
aQ) bA) cA) a® LCO O  danm@) dem )
B1»-CBC 519  5.19 5.19 65.87 6588  65.88 1.83 1.47
(BiiCo)-BCB  5.17  5.13 5.18 65.87 66.82  67.09 1.85 1.46
(BiiCo)-CBB  5.08  5.13 5.07 66.01 67.58  66.09 1.82 1.43
(BiCp)-BCB 527 497 5.15 69.59  65.67 68.09 1.84 1.52
(BuCp)-CBB 522 5.00 5.21 67.63 6597 67.62 1.84 1.50
(B1oCp2)-BCB 526  4.89 5.26 69.12 6630 69.12 1.86 1.54
(BiiCo)-CBC 520  5.17 5.20 65.07 65.04 65.07 1.80 1.46
(BiiCo)-CCB  5.21 5.21 5.13 66.84 66.84  65.63 1.84 1.46
(BiiCp)-CBC 520  5.06 5.20 66.14 6540  66.15 1.82 1.48
(BiiCp)-CCB  5.21 5.05 5.21 67.44 6650 67.44 1.85 1.50
(Bin)-CCC 518  5.18 5.18 66.26 6626  66.26 1.83 1.47
(BiCp)-BBB  5.13 5.00 5.13 68.20 68.79  68.19 1.87 1.46
(B12)-CBB 514 514 5.14 6690 6691 6691 1.84 1.46
(B12)-BCB 527 527 5.08 6924 6953  67.18 1.90 1.46
(B1oCp2)-CBC ~ 5.21 4.87 5.20 66.88 6422 67.22 1.79 1.50
(B1oCp2)-CCB 523 491 5.23 67.54 6549  67.55 1.83 1.51
(BiiCo)-CCC  5.13 5.20 5.20 6448 6534  65.35 1.80 1.45
(BiCp)-CCC 520  5.04 5.20 66.15  65.07 66.15 1.81 1.48
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Based on the DFT calculations, the lattice parameters were shown to change according to the atomic
arrangements. The calculated interplanar spacings are displayed by dashed lines in Fig. 2.7 (b) and are
comparable with the experimental values (solid lines, extracted from the DIC strain maps (Fig. 2.4 (c)).
Lattice parameters and the corresponding interplanar spacings of other polytypic boron carbides are
presented in the supplemental material and are all in a reasonable range compared with the DIC results.
Therefore, it can be concluded that the varied distribution of interplanar spacing observed in the
synthesized nanowires was induced by the transformation of various polytypic boron carbides. An
immediate question is: what role does the transformation of polytypic boron carbides play in the nanowire
growth? To further understand the growth mechanisms, atomistic mass transport models were established

in the next section.

2.4 Polytypic phase transformation enabled boron carbide nanowire growth

2.4.1 Surface-diffusion induced nanowire growth

In the traditional theoretical study [10,35-36] of nanowire growth, it is assumed that atoms are
transported from bottom to top along nanowires by surface diffusion, as shown in Fig. 2.8. In order to
calculate the growth rate of the nanowire, we should consider two steady-state surface diffusion equations

for boron adatoms on the nanowire sidewall (nw, per unit area) and the substrate (s, per unit area):

d?n, n
k,—Xx W _(Q 2.2
P dz? T 22
1d( dn C n
k. | = —| r=— —=_ 5 2.3
DL dr( dr j}_ T T @3)

Here, for sake of simplicity, it is assumed that boron atoms have the same diffusion distance on the

29



Carbon-rich
gases

2R
L
Boron ’ = ‘
[
[ |
Substrate

Fig. 2.8. Schematic diagram depicting the model of surface diffusion during nanowire growth.

substrate and along the nanowires ( A, =200nm ). The boundary conditions are given by:

dn,
dr

_ g,
D
r=R ‘

o0 2

n,(r—>wo)=C,_, n(r=R)=n,(z=0), kg and n,(z=L)=C,.

z=0

Boron adatom diffusion-limited growth rate can be represented as:

2
”g (%) = —E27RK,, O:jizw - (2.4)

The solutions of the diffusion equations are obtained as:
n,(z)=bsinh(z/A,)+b,cosh(z/4) (2.5)
n,=C, +0b,K,(r/4) (2.6)

with coefficients:

— [CO_Coo COSh(L/ﬂ’S):I Kl(R/ﬂ'S)
b= K, (R/4,)sinh(L/A )+ K, (R/4,)cosh (L/4,)

_ CoK,(R/4)+C K, (R/4,)sinh(L/4)
27 K, (R/4,)sinh(L/4,)+ K, (R/A ) cosh (L/ 4,
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C,—C, cosh(L/4)

b, = 2.7
* K (R/4)sinh(L/4 )+ K,y (R/A )cosh(L/A,) @7)
Then the surface diffusion induced nanowire growth rate can be calculated as:
(%j _ 22K (1 cosh(L/4,)+b,sinh(L/4,)) 2.8)
dt ), RA,

2.4.2 Volume-diffusion induced nanowire growth

The critical factor governing nanowire growth is mass transport. It is widely accepted that atoms
are transferred from the bottom to top along the nanowire via surface diffusion; however, direct evidence
that supports this assumption is still lacking. In our experiments, carbon-rich gases, a-boron and nickel
(catalyst) were involved in the boron carbide nanowire synthesis. Because the synthesized boron carbide
nanowires were uniform in terms of diameter, it is presumed that the carbon atoms transferred to the solid
phase only through absorption on the surface of catalyst droplets while boron atoms diffused from the
substrate to the top of the nanowire, forming boron carbide at the interface between the nanowire and the
catalyst particle. [37] Here we utilized the Nudged Elastic Band (NEB) [38] method to perform a static
calculation of the energetic barrier to atom-swapping in order to illustrate the pathways for boron
migration in boron carbide nanowire growth. As shown in Fig. 2.7 (a), energetically favorable polytypes,
(B11Ce)-CBC and (B1:1Ce)-CBB, are selected as basic structures. Two modes of boron migration are
proposed: (i) atom diffusion (denoted as D mode), (B11Ce)-CBC + B — (B11Ce)-CBC + B and (ii)
polytypic phase transformations (denoted as T mode), (B11Ce)-CBC + B — (B11Ce)-CBB + C. The
various pathways (T1, T2) with the minimum energetic barrier for transitions of polytypic phases in the

nanowire are efficiently searched, as shown in Fig. 2.9. The energy barriers were calculated to be 3.71
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eV, 1.35eV and 1.13eV, for D, T1 and T2 pathways, respectively. The small energy difference between
initial and transition states support the assumption that polytypic boron carbide transformation is
preferential for boron migration in the nanowire growth. In addition, according to the results obtained
from T (inside of the nanowire) and T2 (near the surface of the nanowire), the energy barriers for the T

mode exhibited little change with various transformation sites in nanowires, illustrating that boron

(a) (b)

—®— Surface diffusion
—&— Phase transformation, pathway 1

4t —&— Phase transformation, pathway 2

* Transition state

Energy, AE (eV)

1 . 1 N 1 N 1 .
0 1 2 3 4 5

Distance (A)

© Boron @ Carbon

Fig. 2.9. (a) Energy pathways and (b) schematic diagrams of boron migrations through surface

diffusion (D mode) and polytypes transformation (T mode).

migration could occur not only on the surface but also in the body of the nanowire.

The migration rate of boron atoms at a high temperature can be described using the Arrhenius

relation [39] as:

k =k, exp[;%j, (2.9)
B

where Eq, ks and T represent activation energy, Boltzmann constant and growth temperature, respectively.

The pre-exponential factor, ko can be calculated [40] according to:
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k, = fv'a’ exp[t—s}, (2.10)

B

where f is the correlation factor, v/ is an attempt frequency, a is the lattice parameter, and A4S is the
diffusion entropy. Migration rates were calculated using the following parameters: 7= 1433 K, f'= 1,/
=10"/s, a=0.52 nm and 4S5 =10 kz[41]. The migration rate of boron in the T mode (kr) was calculated
to be 1.07x1072 cm?/s, at least eight orders of magnitude higher than that of the D mode (kp = 5.37x10!!
cm?/s).

Based on the results obtained above, a universal kinetic growth model was developed to calculate
the growth rate of the nanowire. The general assumptions are that (i) separations between the adjacent
nanowires are relatively large and amorphous boron powders are supplied without interruption and are
distributed uniformly in the entire substrate with atomic concentration Cw (per unit volume); (ii) atom
migration occurs much faster than nanowire growth, thus the entire system is in steady state, i.e.,
(GC/ Gt) =0 ; (iii) the substrate (cotton textile) was completely soaked with boron, boron atoms
continuously diffuse in the substrate and move through volumetric migration along the nanowire; (iv)
the desorption of boron atoms on the surface of the substrate is not obvious; and (v) the carbon source is
sufficient, and the growth rate of the boron carbide nanowires is boron-limited, i.e., each boron atom, at
top of the nanowire, can immediately find its carbon pair.

As illustrated in Fig. 2.10 (a), the number density of boron along the nanowires cw (per unit volume),
and in the substrate ¢s (per unit volume), can be described as follows [42], using the steady-state diffusion

equations in cylindrical and spherical coordinates, respectively.
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Fig. 2.10. (a) Schematic diagram of VLS based volumetric mass transport in boron carbide nanowire growth.
(b) Correlation between the growth rate and radius of nanowires, calculated using the kinetic model with

different boron migration modes; the theoretical models are fitted to the experimental data.

ac, (r,z,t ?

Cu (1.2 )=kT lé(r%) +kTa—C2W=0, (2.11)
ot ror or 0z

aCs(ﬂt)_k iﬁ(rz%) -0 (r=R) (2.12)
ot °lrzarl or -7 '

Here, kr and kp are the migration rates of boron atoms via phase transformation and diffusion,
respectively, and the subscripts “s” and “w” represent the substrate and nanowire, respectively. R is the
radius of the nanowire, r and z are the radial and vertical coordinates, as shown in Fig. 2.10 (a). At the
top of the nanowire, the average concentration of boron atoms Co (per unit volume), can be described

using the following equation:

IRcw(z: L)2zrdr

0

prey os (2.13)

where L represents the length of the nanowire. In addition, atom desorption occurs on the sidewall surface

of the nanowire, therefore, when » = R, cw also satisfies the following diffusion equation:
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[kTvch-c—W} -0, 2.14)
T Jr=r

where 7 is the average lifetime of a boron atom before desorption. At the bottom of the nanowire, the net
diffusive exchange of boron atoms with the substrate occurs. The coupling conditions of mass

conservation and chemical potential continuity lead to the following equations [9,43]:

R aCW _ dCS 2
IO |:k-|- (Ejz_oj|2ﬂ'rdr = _kD (E)“R 27Z'R , (215)

0,0, (r=Rz=0)=0,,(r=R), (2.16)

Where ow and o5 are the areas of elementary sites in the substrate and the nanowire, which are assumed

to be the same. Additional boundary conditions are given by C, (r —>00) =C,_ and CW(I’ =0) # 0 .
Under these conditions, the solutions to Eq. (2.11) and (2.12) are:

¢, (r.z)=J,(ar)| asinh(az)+a,cosh(az)], (2.17)

c,(r)=C,—a,/r, (r=R) (2.18)

with coefficients:

1

O{—ﬁ

_3CRaJy(a )/J( R)-C, cosh(al)
sinh(aL)J, (aR)+1I cosh(al)J, (aR)

1
2

_ o
%= sinh(aL)J,

(a

C,Ra+C,_sinh(al)

(aR)+ cosh(al)J, (aR)
C,Rcosh(aL)J; (aR)-41CR’ad,(aR)

% = % Ginh (al) 3, (aR) + cosh (L) 3, (aR) 2.19)

Here, Ji(x) are Bessel functions of the first kind.
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The nanowire growth rate induced by boron-migration can be defined as

7R? (dL R ac,,
S Ap( e

Here, the left-hand side gives the number of atoms per unit time nucleated on top of the nanowire, with
Q as the elementary volume (assuming boron and carbon have the same atomic volume). The right-hand
side describes the average mass current (flow of atoms per unit time), with £ as the modification factor
(considering carbon atoms). Substituting the solution (2.17) into Eq. (2.20), the growth rate due to

polytypic phase transformation can be expressed as:

L) —202k, _
(EJT:—R{; J,(aR)[ 3 cosh(al)+a,sinh(al)], 2.21)

Similarly, based on the surface diffusion model, the growth rate of the nanowire due to diffusion can be
calculated as the solution (2.8), with coefficients (2.7). Here, A = \/kD_Z' is the effective diffusion
distance.

To verify the accuracy of the models, Eq. (2.21) and (2.8) were used to fit our experimental results,
and the parameters were selected based on the experimental conditions. The atomic concentration of
boron in the substrate was calculated according to the concentration of the initial Ni-B emulsion (2 g/ml)
as C, =2.23x10%/m®. The elementary volume was estimated to be Q=7.8 XlO_SOmS, according to
the bulk density of boron and carbon. In the process of nanowire growth, the migration flux should be
always directed to the top because of the macroscopic gradient in chemical potential, which results in a
corresponding macroscopic gradient in polytypes, with larger lattice distortions experienced at the

bottom of the wire. The average boron concentration Cy at the top of the nanowire should be in the range
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of 0 to Cw», which can be expressed considering the continuity of chemical potential [10,43,44]. The
fitting results for the nanowire growth are presented in Fig. 2.10 (b), showing that the growth rate
gradually decreases with increasing nanowire diameters. The value of Co was adjusted to be
C, = 6x10®°/m* to represent the experimental data accurately. Clearly, the diffusion model in the T
mode is in very close agreement with the experimentally observed growth rates of the nanowires, while
the D mode model fails to explain the experimental data. Therefore, this volume-diffusion based kinetic

model is more suitable for studying boron carbide nanowire growth.
2.5 Biomass-derived boron carbide nanowire growth

2.5.1 Experimental methods

Without further treatment, biomass materials, including cotton, flour, corn silk, paper towel, fallen
leaf, were used to provide carbon source to synthesize boron carbide nanowires via VLS method (Fig.
2.11). A Ni-B emulsion was prepared by mixing 7 g of Ni ( NO, )2 -6H,0 (catalyst) and 4 g of
amorphous boron powders (boron source) into 10ml of ethanol under ultrasonic vibration. Flour powder
was mixed with the as-obtained emulsion to obtain the wheat dough. Other biomass materials were cut
into small pieces, immersed in the Ni-B emulsion, and dried at 70 °C in a preheated oven for 3 h. The
boron carbide nanowires were synthesized in a horizontal alumina tube furnace (diameter: 60 mm, length:
790 mm). The boron-loaded biomass materials were placed in the middle of the tube furnace and heated
to 1160 °C for 2 h with 300 sccm (standard cubic centimeter) continuous flow of argon.

The morphology, structure, and composition of the as-synthesized samples were characterized by

scanning electron microscopy (SEM, Quanta 650) and x-ray diffraction (XRD, PANalytical X"Pert Pro
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Multi-Purpose Diffractometer (MPD) equipped with Cu K¢ radiation (4 = 0.15406 nm)).
2.5.2 Results and discussion

Numerous techniques have been used to synthesize B4C nanowires, such as carbothermal reduction
(CTR), CNT template-mediated growth, plasma-enhanced CVD (PECVD), chemical vapor deposition
(CVD), electrostatic spinning, porous alumina template-mediate technique, and annealing process, as
shown in Table 1.1. However, these techniques often require complex instruments, high temperature,
expensive raw materials, and difficult experimental conditions, which significantly increase the
production cost, hindering the large-scale production. Based on the polytypic phase transformation
enabled mass transport mechanism found in boron carbide nanowire growth, some low-cost raw

materials were explored. Carbon is the most abundant element in woody biomass and it is considered to

3 2,
€
0O
‘toe Y
-
Biomass W
Resources
(@) NS
o, v 82
= s
% S
(&)
£
Flour

Fig. 2.11. Digital images of biomass resources, including cotton, flour, corn silk, paper towel, and fallen leaf.
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be a promising low-cost carbon source for growing boron carbide nanowires.

Here, five biomasses were investigated, including cotton, flour, corn silk, paper towel, and fallen
leaf (Fig. 2.11). High-density boron carbide nanowires were successfully synthesized via VLS method,
using amorphous boron powder as the boron source, biomass as the carbon source and nickel (II) nitrate
as the catalyst. As shown in Fig. 2.12 (a-¢), boron carbide nanowires with catalytic particles on their tips
were uniformly grown on various biomass, presenting the typical VLS synthesis features. All nanowires
have similar dimensions with diameters in the range of 50-500 nm and the average length of 5 um. XRD
inspection (Fig. 2.12 (1)) verified that the nanowires have a highly crystalline structure of rhombohedral

boron carbide (JCPDS No. 6-0555) with nickel boride in the catalyst. It has been demonstrated that the
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Fig. 2.12. SEM characterization showing the morphology of boron carbide nanowires synthesized from biomass
resources: (a) cotton, (b) flour, (c¢) corn silk, (d) paper towel, and (e) fallen leaf. (f) XRD pattern of boron carbide

nanowires, in good agreement with B4C JCPDS No. 6-0555.
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final morphology of boron carbide nanowires is rarely related to the carbon source employed.

Cellulose, the most plentiful organic compound, is the major component of all biomass and behaves
the whole decomposition regulations of biomass in pyrolysis. During pyrolysis, the decomposition of
cellulose gave rise to carbon-rich gas generation, which served as the carbon source. The gaseous
products mainly contained H2, CO, CO2, CH4, C2H4, and C2He. Because of the thermal cracking of
carbonyl and carboxyl, cellulose exhibits a relatively high CO yield [45], which is vital the in B4C

nanowire growth, as shown below:

(CeHy0s5). = H,(9)+CO(g)+CH,(9)
+CO, (9)+C,H,(9)+C,Hs(9)+H,0(9) (2.22)
+other trace amounts of gaseous organics + tars(1)+char (s)

Catalysts, promoting nanowire growth, are essential in the VLS growth of boron carbide nanowires.
Nickel, serving as the catalyst, was obtained by thermal decomposition of Ni(NO3 )2 -6H,0 . After
several degradation steps, nickel oxide (NiO) was generated [46] and then reduced to metallic nickel by
hydrogen, carbon, and carbon monoxide (decomposition products of cotton) [47] at high temperature,
revealing that biomass also played a key role in producing the catalysts. Fig. 2.13 shows that NiO, the
thermal decomposition product of Ni ( NO, )2 -6H,0, was reduced to nickel and then condensed into
small droplets on the surface of the cotton microfibers. The XRD pattern of the prepared textile with
nickel nanoparticles, as shown in Fig. 2.13(d), reveals three typical diffraction peaks, which can be
indexed to the (111), (200) and (220) reflections of cubic nickel (Fm-3m). Due to the reducibility of
biomass, nickel nitrate was used as a catalyst during VLS nanowire growth process, and the reaction

temperature was decreased significantly.
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Ni(NO, ), -6H,0 — NiO+HNO, +NO, +0, +H,0 (2.23)

NiO+ Reductant (H,, CO and C) — Ni (2.24)
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Fig. 2.13. (a-c) SEM images of nickel nanoparticles distributed uniformly on cotton textile.

(d) XRD pattern of nickel nanoparticles.

Boron carbide nanowires have been successfully synthesized from Ni/B mixture loaded cotton
textiles (B+Ni@cotton). Volume-diffusion induced mass transport model was built to describe how boron
atoms migrate from substrate to the top of the nanowire. More experiments were performed to verify that
boron atoms moved by diffusion in solid-phase along nanowires, not through gas flow in vapor-phase.
B-loaded cotton textile (B@cotton) and Ni-loaded cotton textile (Ni@cotton) were both placed in the

tube furnace separately and treated at 1160 °C for 4 h (Fig. 2.14). SEM inspection revealed some
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Fig. 2.14. (a) Schematic illustration showing sample arrangements in the tube furnace (red and blue colors
represent boron and nickel, respectively). (b) and (¢) SEM images of B@cotton. (d) XRD pattern of B@cotton.

(e) and (f) SEM images of Ni@cotton. (g) XRD pattern of Ni@cotton.

nanoparticles on both B@cotton (Fig. 2.14 (b) and (c)), and Ni@cotton (Fig. 2.14 (e) and (f)), yet no
nanowires were observed. XRD characterization (Fig. 2.14 (d)) showed peaks of amorphous boron
(JCPDS No. 12-0377), boron carbide (JCPDS No. 6-0555), and activated carbon from B@cotton. XRD
inspection (Fig. 2.14 (d)) revealed peaks of nickel (JCPDS No. 1-1260) and graphite (JCPDS No. 1-0640)
from Ni@cotton. Therefore, boron atoms did not migrate from the B@cotton to Ni@cotton via vapor

flow. The growth process of biomass-derived boron carbide nanowires is summarized in Fig. 2.15.
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Fig. 2.15. Schematic illustrations of the process of biomass derived boron carbide nanowire growth.

2.6 Conclusion

In summary, the lattice strain fields in boron carbide nanowires were measured via a coupled
HRTEM and DIC methodology. The formation enthalpies and lattice parameters of polytypic boron
carbides were calculated by DFT, unveiling that the uniformly distributed distortion feature in the lattice
strain fields resulted from the transformation between polytypic boron carbides. The energy barriers to
boron migration along the nanowire were calculated to be 3.71eV for surface diffusion, and 1.35eV for
phase-transformation-assisted mass transport, revealing that polytypic phase transformations play a
crucial role in boron carbide nanowire growth. Based on the calculated energy barriers, a volumetric
diffusion induced kinetic model was proposed and the corresponding growth rate was calculated. The

theoretical results are in good agreement with the experimental data, indicating that the phase
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transformation induced kinetic model accurately describes boron carbide nanowire growth. The coupled
experimental and theoretical approaches unveil that polytypic phase transformation induced boron
migration is the predominant mass transport mechanism in boron carbide nanowire growth. Various
biomass materials, including cotton, flour, corn silk, paper towel, and fallen leaf were explored to
synthesize boron carbide n