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ABSTRACT 

The objective of this project is to synthesize novel boron-rich carbon in the form of 
nanotubes and nanofibers and to determine the influence of high concentrations of boron 
on the sp2 carbon structure.  Research efforts on the influence of high concentrations of 
boron on the sp2 carbon structure have been undertaken through a combination of 
computational prediction and experimental investigation.   
 
A theoretical prediction regarding the boron influence on carbon nanotube structure is 
carried out using molecular and quantum mechanical simulations.  The influence of 
substitutional boron on strain, tube diameter, tube length and tube stability is discussed.  
A high boron doping (10-17 at.%) introduces disorder into the host sp2 carbon structure.  
 
Boron-doped carbon nanotubes and nanofibers have been synthesized by a catalytic CVD 
at 750-900˚C from C6H6 and BCl3. The deposition temperature and reactant ratio 
(BCl3/C6H6) influence the microstructure and compositions of the resulting deposits 
significantly. The boron concentrations of the boron-doped carbon nanotubes and 
nanofibers are in the range of 5-18 at.% as measured by AES.  The optimum temperature 
to obtain a high boron content sample is around 800˚C.  XPS and Auger analyses suggest 
that the C-B bonding is sp2 hybridized and includes B-BC2 and B-C3.  Small clusters of 
boron atoms may be present in the nanofibers deposited at high temperatures that may 
contribute to disorder/strain within the nanotube and nanofiber structure. 
 
The crystal structures and microstructures of boron-doped carbon nanotubes and 
nanofibers are inhomogeneous.  There are mixed crystallite sizes of both La and Lc.  
Strains occur in the samples synthesized at low temperature (750˚C), and lead to a small 
lattice parameter, d002.  Submicron fibers and nanofibers coexist in each sample. The 
texture of filamentous carbon changes with the change in boron concentrations or 
deposition temperatures. 
 
The boron doping into the carbon nanotubes and nanofibers is structure-related.  The 
platelet stacked structure is always very well-ordered with very low boron concentration 
(< 2% B/C).  Herringbone structures are ordered with relatively low boron concentration 
(2-8% B/C).  The tubular structure is either ordered with a B/C ratio of 3-8% B/C, or 
trubostratic with a B/C ratio of  > 8%.  A disordered transition area between herringbone 
and tubular structure in a nanofiber of Sample I-1 is observed where the boron 
concentration is 16%, i.e., consistent with a composition of C6B. 
 
Mechanisms of boron-doped nanofiber growth are proposed that involve both surface 
diffusion and bulk diffusion process. Temperature is the governing factor that determines 
the process by which either surface diffusion or bulk diffusion dominates.  Boron doping 
also influences the ordering of the carbon layer plane stacking. 
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1 Introduction  
 

A new direction in the science of carbon nanotube chemistry is the synthesis of structures 

that are doped with high levels of boron.  The incorporation of boron into bulk carbon 

(e.g. bulk graphites, carbon fiber, carbon-carbon composites, etc.) has been found to 

significantly enhance the oxidation resistance of the host material, as well as to modify 

mechanical and electronic properties.  If the nanotubes (or nanofibers) are doped with 

boron, the electronic properties will be different from a doped bulk carbon material.  The 

quantum confinement, and curvature of the cylinder, will result in novel electronic, 

mechanical, and chemical properties.  In particular, substitutional boron doping will 

introduce strongly localized electronic features in the valence band, and enhance the 

number of the electronic states at the Fermi level, depending on the location and 

concentration of boron.   

 

Several potential applications of boron-doped carbon nanotubes and nanofibers are 

currently being researched: (1) field-emission source materials, owing to enhanced 

electron mobility as compared to pure carbon nanotubes, (2) boron-doped carbon 

nanofibers for superior anode material performance in Li+ ion batteries, (3) efficient 

sensors for the detection of hazardous gaseous species due to the presence of increased 

reactive sites on their surface, and (4) nanotube (or nanofiber) composites that exhibit 

stable tube surface-polymer interfaces.  
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The objective of the present study is to synthesize novel boron-rich carbon in the form of 

nanotubes and nanofibers and to determine the influence of high concentrations of boron 

on the sp2 carbon structure.  

 

This thesis is prepared in a publication format, including five independent papers.  Each 

paper contains its own literature review/background, experimental procedures, results and 

discussion, conclusions and list of references.  Chapter 2 is the first paper, presenting our 

initial work on the crystal structure of sp2 carbon using X-ray diffraction (XRD).  XRD 

has been well established as the most available and powerful technique to measure the 

crystal structure of sp2 carbon (graphite).  Chapter 2 addresses how to accurately analyze 

the XRD data and how to correctly report the graphite crystal structure. 

 

In Chapter 3 (Paper 2), a theoretical prediction regarding the boron influence on carbon 

nanotube structure is carried out before the experimental investigation.  Molecular and 

quantum mechanical simulations are applied to explore the influence of substitutional 

boron on strain, tube diameter, tube length and tube stability.  

 

Chapter 4 (Paper 3) details the synthesis of boron-doped carbon nanotubes and nanofibers 

using chemical vapor deposition (CVD) processes.  It includes an extensive investigation 

of the experimental parameters associated with CVD process.  The advantage of the CVD 

process is that it enables high concentrations of boron to be placed in the solid throughout 

its growth process.  The investigated experimental parameters include the influence of 

catalysts, the pyrolysis of benzene, the influence of the carrier gas, and the deposition 

conditions (deposition temperature, duration, and reactant ratio).  An optimum reaction 
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condition is identified with regard to the boron concentration and resultant 

microstructure/morphology.  The growth mode of boron-doped carbon nanofiber is 

discussed on the basis of microstructural observations. 

 

Chapter 5 (Paper 4) presents an analysis of the chemistry of these deposited nanofibers 

undertaken by both X-ray photoelectron spectroscopy (XPS) and Auger electron 

spectroscopy (AES).  The compositions and chemical state of boron and carbon atoms in 

these novel nanofibers are reported and discussed in detail.  The boron concentrations of 

the nanofibers range from 5-18 at.%, as determined jointly by both XPS and AES, which 

further supports that this particular CVD process is an effective method to synthesize 

highly boron-rich carbon nano-structures, as compared to what may be achieved by other 

solid-state methods. 

 

Chapter 6 (Paper 5) addresses the crystal and nano-scaled structure of the deposited 

nanofibers.  We have had the opportunity to use the HTML User facility in Oak Ridge 

National Laboratory (HTML User Proposal # 2006-012).  Detailed examination of the 

nano-structure of boron-doped carbon nanofibers is carried out using high-resolution 

transmission electron microscopy (TEM).  In this paper, we argue that the structure of 

deposited nanofibers is inhomogeneous.  The doping of boron atoms influences not only 

the ordering of the carbon layer stacking, but also the structural type (i.e., texture) as 

well.  The local structure is intimately correlated with the boron distribution in the 

nanofibers.  Therefore, a chemical analysis by electron energy-loss spectroscopy (EELS) 

combined with Z-contrast imaging is undertaken, which provides chemical analysis at the 

atomic level.  These results reveal the structure-related chemistry in boron-doped carbon 
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nanofibers.  Finally, growth mechanisms are proposed that potentially provide effective 

control on the structure and chemistry of boron-doped carbon nanofibers. 
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2      X-Ray Diffraction from Unirradiated Nuclear Graphites 
 
 

2.1  Introduction 
 
Graphite is used in large concentrations for the production of many safety critical and 

lifetime limiting components in nuclear reactors because of low absorption of neutrons, 

high thermal conductivity and high-temperature strength and stability.  Graphite is used 

as a moderator, which sustains the nuclear fission chain reaction.  The moderator’s role is 

so critical that its operating life essentially governs the working life of the power plant.  

Graphite used in nuclear reactors is high purity synthetic graphite known as electrographite, 

having a polycrystalline structure with crystals held together by a binder phase.  This 

graphite is simply referred to as “nuclear graphite” in the industry.  During operation, 

many of the graphite’s physical properties are significantly changed due to the irradiation-

induced damage.  These changes are complex and not fully understood; however, we can 

improve the component performance by specifying properties of the nuclear graphite.  

There are several general requirements for nuclear graphite, including density (~1.8 g/cm3), 

crystallinity, coefficient of thermal expansion, CTE, (2.0-5.5×10-6 K-1), and strength (~20 

MPa).  Additionally, high chemical purity, low reactivity in moisture (0.2 to 0.01 mg/g-h), 

and low absorption cross-section (4-5 mbarns) are desired.1 Among these properties, 

crystallinity is of great importance.  Crystallinity influences thermal conductivity, 

irradiation-induced modifications, dimension stability, and machinability.  Crystal structure 

can be connected to impurity content.  For this reason, measurement of the crystal structure 

of nuclear graphite is essential to characterize the working potential of this material.  X-ray 

powder diffraction has been well established as the most available and powerful technique to 

measure the crystal structure of graphite, such as interlayer spacing (d002), lattice parameters 

(a and c), and crystallite sizes (La and Lc). 
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The graphite crystal is hexagonal.  Covalent C-C bonds exist within the basal sheet 

structure, while the basal planes are held together in parallel by relatively weak van der 

Waals forces.  The space group is P63/mmc, and the lattice parameters are a=2.461 Å and 

c=6.707 Å for a perfect graphite crystal.2  It is well accepted that the interlayer spacing of 

graphite (d002) decreases as the degree of cystallinity increases.3,4  Graphite SP-1 is a 

commercially available well-crystallized graphite with a crystal size of more than 1000 Å.5  

According to Howe, Rawn, and Jones, SP-1 has an interlayer spacing of 3.355 Å and a 

lattice parameter of a=2.4617(2) Å and c=6.7106(4) Å.6  SP-1 has been frequently 

referenced as a standard for well-crystallized graphite.  The select area electron diffraction 

study indicates that, in most case, each flake of SP-1 is single crystal graphite.4  

Generally, a structure with crystallite size of La and Lc between 400 and 800 Å is considered 

well graphitized.7  

 

It is difficult to obtain high quality data for graphite using X-ray powder diffraction.  

Carbon has a very low mass absorption coefficient for X-rays, which results in errors 

associated with peak displacement and peak broadening.  The systematic broadening in the 

forward reflection region due to sample transparency will be asymmetric on the left (low 

2θ) side of the peak.8  Additionally, preferred orientation effects due to the basal sheet 

structure of graphite crystal will cause the diffraction intensity distortion.  In order to correct 

these problems, a silicon standard is used to correct the peak position and graphite SP-1 is 

used to correct systematic line broadening, respectively.    

 

In 2004, Iwashita, Park, Fujimoto, Shiraishi and Inagaki specified a standard approach for 

X-ray diffraction measurements on carbon materials.9  This specification is recognized and 

there is a need to adopt a standard approach worldwide.  Comparing Iwashita’s work 

against an approach used in our lab, we discuss the differences.  
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2.2  Materials, Experimental, and Data Analysis  

2.2.1 Materials 

Samples are unirradiated nuclear graphite powder as received from GrafTech 

International Ltd.  The three samples are Graphite SS (isotropic, CTE=4.4×10-6 K-1), 

Graphite PCEA (semi-isotropic, CTE=3.5×10-6 K-1), and Graphite SE (anisotropic, CTE = 

0.9×10-6 K-1), respectively.  All samples have a mean diameter of 65-80 µm. 

 

The silicon standard used is NIST SRM 640b silicon.10  As-received SP-1 graphite is used 

for the peak broadening correction.  SP-1 is a flaky material processed from purified nature 

graphite flake by Union Carbide Corporation, with a mean diameter less than 75 µm. 

 

2.2.2 X-Ray Diffraction 

A 5-10 wt% Si standard was added to the SP-1 and samples as an internal standard.  The 

graphite and silicon powder were ground and classified using a 200 mesh nylon sieve.  

The 1mm thick sample was loaded on a glass side-drift holder.  X-ray powder diffraction 

data were collected using a Siemens/Bruker D500 diffractometer equipped with a 1˚ 

divergence slit, a 0.05˚ receiving slit, a graphite monochromator, and a scintillation 

detector.  The Cu Kα X-ray source (Cu Kα1 λ=1.54056Å) was used at 40 kV and 30 mA.  

Diffraction patterns were collected as a step scan from 10-90˚ 2θ, with a step size of 

0.02˚ 2θ and a dwell time of 5 sec/step at room temperature.  

 

2.2.3 Data Analysis 

The original patterns were analyzed using Jade 7 software (Materials Data Inc, 2004).  

Profile fitting using Pearson-VII function was  applied to find the peak value and the full-



 2-4 

width half-maximum (FWHM), for both carbon and silicon peaks.  The credibility of 

profile fitting can be examined with the residual error, R%, defined as: 

! 

R% =
"(I

obs
# I

calc
)
2
/I

obs

" I
obs

$100                                          (2.1) 

where, Iobs is the observed intensity, Icalc is the calculated intensity, and the summation is 

undertaken over all data points in the refined region.  The value of R% should be as low 

as possible, desirably below 10%.  The peak identifications for the Silicon SRM 640b and 

SP-1 are given in Table 2.1.  

Table 2.1.   
Exact Peak Positions for Si SMR 640b and Graphite SP-1 Peaks (λ=1.54056Å, T = 
298K) 

Silicon SMR 640b10   Graphite SP-16 
hkl 2θ  hkl 2θ 
111 28.442˚  002 26.71˚ 
220 47.303˚  100 42.64˚ 
311 56.122˚  101 44.85˚ 
400 69.130˚  004 55.03˚ 
331 76.376˚  110 78.05˚ 

 

The interplanar spacings of d002 , d004 and d110 were calculated using Bragg's law.  The 

lattice parameters were determined by the cell refinement program of Jade7 using a least-

square analysis.  This program is used to calculate the powder pattern on the basis of a 

structural model as well as the characteristics of the instrument used, and minimize the 

differences between the intensities observed and the intensities calculated.  The results of a 

cell refinement can be gauged by the value of Smith/Synder figure-of-merit, F(N), which 

indicates the completeness and accuracy of measured interplanar spacings.8  The figure-

of-merit is defined as:  
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! 

F(N) =
1
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•

N

Nposs

                                               (2.2) 

 

where N is the number of refined peaks, Nposs is the number of reflections in the refined 

region, and 

! 

"2#  is the average absolute Δ2θ error.  Figure-of-merits more than 50 are 

considered high quality.11  

 

Crystallite sizes Lc and La were calculated using the Scherrer equation:12  

! 

L = k" /# cos$                                                     (2.3) 

where k is the Scherrer constant taken as 0.9, and β is the corrected FWHM value in 

radians.13  The corrected FWHM value is the true FWHM without instrumental 

broadening.  SP-1 is used as the standard to obtain the systematic line broadening.  The 

corrected FWHM value, β, is determined by the following: 

! 

" = "
obs

2 #"
std

2                                                   (2.4) 

where βobs is the observed FWHM value in radians, and βstd is the value of SP-1 in 

radians.  The 002 reflection is used to obtain an average crystallite height, Lc, and 110 is 

used to obtain an average crystallite width, La.  
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2.3  Results and discussion 

2.3.1 Crystal Structure of Unirradiated Nuclear Graphites 

The powder diffraction patterns of SP-1 and nuclear graphite samples along with the 

silicon standard are given in Figure 2.1.  The lattice parameters and crystallite sizes are 

given in Table 2.2.  For graphite SP-1, the measured interlayer d-spacing and calculated 

lattice parameters are d002=3.3547 Å, a=2.4617(6) Å and c=6.7076(15) Å, in good 

agreement with Howe’s calculation.6  
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Figure 2.1.  X-ray powder diffraction patterns of SP-1 and unirradiated nuclear graphite 
samples along with the silicon standard.  Wavelength λ =1.54056 Å.  
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Table 2.2   
Lattice Parameter and Crystallite Size Results for SP-1 and Irradiated Nuclear Graphites 

Sample Graphite SP-1  Graphite SE Graphite PCEA Graphite SS 

Quality Anisotropic Anisotropic Semi-isotropic Isotropic 

Volumetric CTE  
×106 (K-1) ~0  0.09 3.5 4.4 

d002 (Å) 3.3547(25) 3.3533(25) 3.3732(25) 3.3745(25) 

d004 (Å) 1.6771(6) 1.6783(6) 1.6837(6) 1.6840(6) 

d110 (Å) 1.2308(3) 1.2306(3) 1.2309(3) 1.2308(3) 

a(Å) 2.4617(6) 2.4611(6) 2.4626(7) 2.4600(10) Cell 
Refinement c(Å) 6.7076(15) 6.7119(19) 6.7331(23) 6.7375(41) 

F(N) F(9)=55.7 F(6)=57.7 F(6)=42.1 F(6)=35.9 

Lc(002)   (Å) >1000 a 360±20 300±20 350±20 

La(110)   (Å) >1000 a 300±20 400±30 300±30 
a From Reference 5.  Broadening of peaks is due to systematic line broadening.    
 

The d-spacing results of unirradiated nuclear graphite correlate with the thermal 

expansion data.  The specimens having a larger interlayer spacing (d002 and d004) also 

exhibit larger coefficients of thermal expansion.  The spacing on the basal sheet (d110) 

changes very little.  The d002 decreases as the degree of cystallinity increases.  For this 

reason, these data support the fact that the Graphite SS is indeed an isotropic sample 

having low crystallinity.  The highest CTE value (4.4×10-6 K-1) exists for this isotropic 

Graphite SS and is the result of a randomly oriented crystallite structure throughout the 

volume of the sample.  These CTE values are volumetric expansion data, so on average 

the randomization in structure results in higher expansion values.  It has been found that 

the isotropic or semi-isotropic quality of the specimens ensures dimension stability for a 

nuclear reactor; the higher the coefficient of thermal expansion, the lower the 
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dimensional change rate.14  Therefore, in order to select a graphite for a nuclear graphite 

application, one must consider the crystal structure as well as the thermal expansion 

behavior.  This is a balance between dimensional stability and chemical stability 

associated with a well-organized crystal.  Among these three samples, Graphite SS and 

Graphite PCEA would appear to be reasonable carbons for nuclear application.   

 

Unit cell dimensions for each sample are calculated using a least-squares analysis.  The 

Smith/Snyder figure-of-merits are in the range of 35-60, which decrease with the 

crystallinity.  Crystallite size results for the Lc (002) and La (110) of all the samples are in 

the range of 300-400 Å.  These crystallites do not vary much in size between each other.  

And for this reason, the crystallite size itself is not a parameter for materials selection. 

 

2.3.2 X-Ray Diffraction Approach on Carbon 
 
There are four points we wish to make regarding the use of X-ray powder diffraction to 

evaluate the carbon materials used in our lab.  First, using a thin sample enables the 

reduction of the peak shift and asymmetric broadening caused by sample transparency, 

however, at the expense of the intensity and peak-to-background ratio.  When a sample is 

not well crystallized, the low intensity and peak-to-background ratio will introduce big 

error in determining the crystallite sizes.  The powder sample of ~1mm thick yields a 

statistically reasonable value of FWHM in order to calculate the crystallite size. 

 

Second, graphite SP-1 is applied to correct the systematic line broadening associated with 

carbon materials.  The Si SRM 640b standard gives significantly broadened peaks, which 
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is not suggested to correct instrumental line broadening.15  Since SP-1 documents to be a 

highly ordered graphite crystal, using SP-1 simplifies the correction for instrument-

sensitive factors affecting the diffraction in line intensity, as well as minimizing the 

effects caused by carbon structure-sensitive factors such as transparency effects. 

 

Third, further improvements in the data analysis can be achieved using least-squares 

analysis to calculate the lattice constants a and c.  This method is based on the space 

group P63/mmc and the experimentally determined 2θ values.  The statistical approach to 

examine the lattice constants leads to more reliable results than using only one peak to 

convert to lattice constant a and c, such as a=2d110, and c=2d002 or c=4d004.  The figure-

of-merit values given in Table 2.2 are the result of using at least 6 peaks to calculate the 

lattice constant.  

 

Finally, the experimental accuracy used in reporting these data must be noted.   The 

deviation of d002 is calculated by differentiating Bragg's law: 

! 

"d
002

=
#

2
•
cos$

sin
2$

•"$                                             (2.5) 

For example, taking the value of θ002 as approximately 26.50/2≅13.25˚ and using a step 

size of 0.02˚ 2θ, the accuracy of the θ002 can be no better than 0.01˚.  This is 0.00017  

radians.  The accuracy therefore in reporting d002 can be no better than 0.0025 Å.  

Similarly, the accuracies in reporting d004 and d110 are 0.0006 Å and 0.0003 Å, 

respectively. 

 

We also calculate the accuracy of Lc and La by differentiating the Scherrer equation: 
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where β is the corrected FWHM value in radians, ∆β is FWHM error in radians and 

∆θ=0.00017 in radians as previously described.  On this basis the accuracy in both Lc 

(002) and La (110) can be no better than 20 Å.  It is important to recognize that these 

values represent unique dimensions through the crystallite, the body diagonal and the true 

crystallite width, respectively.  It is therefore clear that one must be careful to report both 

the crystallite sizes and their accuracy. 

 

2.4  Conclusion 

The lattice d-spacings and crystallite sizes of three unirradiated nuclear graphite samples 

are measured using x-ray powder diffraction.  Silicon standard and SP-1 are used to 

correct the peak position and systematic line broadening.  The results indicate that an 

increase in the coefficient of thermal expansion (CTE) is associated with an expansion in 

the interlayer spacing, d002.  For graphite used in nuclear reactors, an optimization 

between crystallinity and CTE must be made. 
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3  Computer Simulation:  

Influence of Boron on Carbon Nanotube Structure 
 

3.1  Introduction 

Carbon materials have numerous potential applications because of their lightweight, 

mechanical and electrical performance.  However, many potential applications are not 

realized due to poor oxidation resistance.  It is well established that the substitution of 

boron in graphite inhibits oxidation as well as enhances mechanical and electronic 

behavior.1-4  This observation has been made for a wide array of carbon materials that 

include bulk graphites, carbon fibers and C-C composites. Yet, the concentration of 

boron as a solid solutional impurity is understood to be capped at 2.3 at.%.5  Therefore, 

there is a limit to the extent to which properties can be modified.  There is a great 

interest in increasing the substitional boron concertrations in graphite solids to further 

enhance the oxidation resistance and modify the electrical behavior of these materials.  

In the mid-1980s, at the University of California-Berkeley, a boron rich carbon solid was 

synthesized via a chemical vapor deposition (CVD) reaction using C6H6 and BCl3 at 

800˚C.6  This boron-rich carbon material, BCX, is argued to have 25 at.% substitutional 

boron.  The CVD process to synthesize boron-rich carbon solids continues to be widely 

studied.7-10  The reported stoichiometries of these boron-rich carbons vary between C3B 

and C6B (15 – 25 at. %B) as a function of the fabrication routes employed.  For the 

purposes of this paper we refer to this material as CXB where X is understood to vary 

between 3 and 6.  The concentrations of boron in these novel carbons and the influence 

of large boron concentrations on structure and resulting properties continue to be of 
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interest because of the potential for synthesizing nanoscaled carbons with tunable 

electronic properties and oxidation resistance.  Of particular interest in this work is the 

influence of large concentrations of boron on the nanotube structure in the form of bond 

strain and angular distortions as well as tube morphology. 

 

3.2  Background 

Due to the deficient electron octet of boron in sp2 hybridized carbon, boron exists as a p-

type substitutional impurity.  Soule’s work establishes that the presence of substitutional 

boron at relatively low concentrations (~1ppm to 0.5 at.%) significantly modifies the 

electronic structure of graphite.11  At a concentration of 0.2 at.% boron, the Fermi level 

is suppressed to 0.14 eV which is well into the valence band.  Delhaes and Marchand’s 

results on the electronic properties of boron-doped polycrystalline graphite are consistent 

with Soule’s.12  Preil et al. using reflectivity measurements determined that the Fermi 

level shifts downward 0.2 eV at 0.5 at.% boron loading.13  These findings support the 

fact that the electronic properties, such as diamagnetic susceptibility, Hall coefficient, and 

conduction may all be modified via the presence of substitutional boron.  The ability to 

modify electronic behavior due to the presence of boron at concentrations as low as the 

ppm range and as high as 25 at.%.boron is particularly attractive.  Additionally, it is 

recognized that the modification of electronic behavior in graphite solids does suppress 

oxidation.   

 

The presence of substitutional boron modifies the crystal structure.  Boron is considered 

a catalyst of the graphitization process.14  Using X-ray measurements, Lowell showed 
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that an increasing boron concentration yields a larger a lattice parameter and a smaller c 

lattice parameter.5  Recently, Hishiyama and Inagaki identified the changes in a and c 

via a set of liner relationships:15  

a (nm) = 0.2461 + 0.03 XB 

c (nm) = 0.6708 - 0.17 XB , 

where the atomic fraction of boron XB ≤ 0.0235.  The increase in the lattice parameter a 

contributes to a longer C-B bond length over that of C-C.  The contraction of the c-axis 

is the result of a Poisson contraction associated with the lengthening of the a-axis 

balanced against the decrease in the π electron density brought on by the increased 

substitutional boron concentration.16  Work is needed to address the decreasing van der 

Waals forces and the coupled modification of the elastic compliance of the graphite 

structure.  Yet, we do know that there is a direct relationship between the lattice 

structure and the boron concentration.  What remains to be understood is how structure 

changes as a result of the presence of boron play out on the nanoscale. 

 

Boron rich carbon nanotubes will have crystal and electronic structure that are different 

from bulk doped-graphite due to the quantum confinement and curvature of the cylinders. 

There are two methods to achieve boron-doped carbon nanotubes, substitution reactions 

or direct synthesis.  The substitution reactions undertaken to date involve either solid-

state diffusion, using either single-walled or multi-walled carbon nanotube host materials 

and boron-containing compounds, such as B2O3 as the source of the dopant impurity.  

The boron concentrations achieved are reported to be ~10 at.% by Golberg et al.17 and 

10-15 at.% by Borowiak-Palen et al.,18,19 respectively.  These boron concentrations are 
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much larger than that of the boron-doped graphite via solid-state diffusion and close to 

the boron concentration levels reported in the BCX thin films of Hach et al.10  The direct 

synthesis methods include arc-discharge/laser ablation via changing the chemical 

composition of starting electrodes or targets, and chemical vapor deposition.  Boron-

doped single wall carbon nanotubes (SWCNT) and multi-wall carbon nanotubes 

(MWCNTs) have been produced via direct synthesis routes.  Redlich et al.20 measured 

the boron content as 1-5 at.% using arc-discharge synthesis and Satishkumar et al.21 

obtained boron-doped carbon nanotubes having 2.78 at.% boron via the pyrolysis of 

acetylene-diborane mixtures in which the boron content did not vary with tube depth.  

 

Boron doping is found to improve graphitization of MWCNTs.20  These tubes have an 

interlayer spacing, d002, of 0.3352(2) nm.  The interlayer spacing of undoped tubes is 

0.3422(2) nm.  In addition, boron enhances the longitudinal growth of nanotubes by 

increasing length by as much as more than 10 times as well as increasing tube diameter.  

Golberg et al. investigated boron doping SWCNTs via substitution reaction, and 

frequently observed that the diameters of the isolated SWCNTs increased to ~2.1-3.2 nm, 

as compared to that of the uniform starting carbon SWCNT diameter of ~1.4nm.17  

These authors noted that the reactions leading to boron inclusion in the tubes introduces 

defects, curling and breaking of the tube shell.  Two or more open shells often coalesce 

to form a new shell of larger diameter eliminating the dangling bonds created during the 

synthesis.    

 

In our experimental investigations, we use a catalytic CVD method reacting benzene and 

BCl3 to produce boron-doped carbon nanotubes containing boron concentrations between 
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10-15 at%.  The high boron content creates an increase in the point defect density.  We 

have noted that our synthesized boron-doped nanotubes and filaments have tube 

diameters that are larger than the undoped carbons   In this paper, we present the 

molecular mechanics and quantum mechanics computer modeling that is used to explore 

the influence of large substitutional boron concentrations on nanotube structure at the 

atomic, crystal and nano-structural level.  Additionally, we offer some experimental 

evidence of the impact of boron on carbon nanotubes and filaments. 

 

3.3  Experimental 

3.3.1 Computer Modeling of Structure 

Modeling of the structure is undertaken using Cerius software and an SGI Octane 

workstation.  Both molecular mechanics and quantum mechanics methods are applied.  

The molecular mechanical simulation is carried out using the Minimizer module of 

Cerius2® (a modeling and simulation environment developed by Accelrys, San Diego, 

CA) based on the Universal Force Field (UFF).22  The quantum mechanical simulation 

is carried out using the CASTEP module of Cerius2®.  CASTEP®, an acronym for 

CAmbridge Serial Total Energy Package, is a commercial software package of the ab 

initio calculation for the electronic ground state energy.23  Both Minimizer and CASTEP 

module calculate the optimized geometry and ground state energy of the structure.  

Minimizer calculations are used for big molecule and lattice having more than 50 atoms.  

CASTEP is used on periodically repeated cells or boxes having less than 50 atoms.   
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3.3.2 Synthesis of Boron-Doped Carbon Nanotubes 

A CVD reaction furnace is used for the synthesis.  The reaction furnace includes a 

Thermolyne 21100 tube furnace, Aera Inc. D980C Mass Flow Controller, Matheson Inc. 

FM-1050 flowmeters, a standard roughing pump, a mineral oil hydrocarbon trap and a 

sodium hydroxide trap.  The reactant gases are MG Industries, CP grade 99.9% pure 

BCl3 and Alfa Aesar, spectrophotometric grade 99.5+% C6H6.  The carrier gas used is 

Mills Welding & Specialty Gases UHP H2. 

 

The total volumetric flow rate of gas entering the reactor is 65 ml/min.  The absolute 

system pressure is 93.5 kPa.  Benzene at 10 ml/min is introduced via the H2 carrier gas. 

BCl3 of 10 ml/min is mixed with the benzene prior to introduction. A nickel coated (~5 

nm thick) fused silica slide is used as the substrate.  The reaction is undertaken at 800 ˚C 

for 30 minutes.  After deposition, samples are annealed at 900 ˚C for 20 hours under 

93.5 kPa UHP He.   

 

3.3.3 Transmission Electron Microscopy 

Transmission electron microscopy is performed with a JEOL 2000-FX Electron 

Microscope.  The accelerating potential is 200 kV, and no coating is used. 
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3.4  Results and Discussion 

3.4.1 Modeling of Boron-Doped Carbon Lattice 

The boron-doped carbon (or CXB) structure is graphite-like, having weak interaction 

between the layer planes.8  We modeled the single CXB planes as finite clusters having 

edge sites saturated with hydrogen.  For this reason, circumcoronene (C54H18) is chosen 

as the host molecule.  The carbon atoms are sp2 hybridized within the lattice.  The 

influence of boron on the structure is investigated using molecular mechanics by 

substituting boron for carbon symmetrically and asymmetrically within the host 

molecule.  Figure 3.1 is a circumcoronene host molecule and a host molecule containing 

11 at.% boron (Molecule I) at selected lattice sites.  Presented in Figure 3.1 are the in-

plane (a-dimension) and the out of plane on-edge view of the distortion on the z-axis (c-

dimension).  Carbon and boron covalent radii are 0.732 and 0.828 Å, respectively.  A 

distortion in the structure by substituting boron for carbon is expected.  The bonding 

length of C-C within the innermost ring (highlighted in blue) changes from 1.410 Å in the 

host molecule to 1.394 Å in the 11% boron-doped molecule.  Boron symmetrically 

positioned imposes a large compressive strain on this innermost ring.  Additionally, the 

molecule experiences an angular distortion that produces an out-of-plane buckling, 

having a deflection of δ = 0.7 Å.  In the case of Molecule I, boron atoms are 

intentionally positioned next to the innermost ring, and a maximum out-of-plan deflection 

is obtained.  When boron atoms are moved out, the deflection obtained is less.  When 

boron is symmetrically substituted between 2% to 20%, the observed distortion 

maximum is also δ = 0.7 Å.   
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The images of other two molecules containing 11% boron asymmetrically distributed are 

given in Figure 3.2.  Asymmetrical distribution of boron at these concentration levels 

produces no distortion of the plane; no buckling (δ = 0) takes place within these 

structures.  The on-edge view (z-axis) is as flat as the host lattice.  Table 3.1 lists the 

ground state total energy and linear strains on x and y dimensions of the three molecules 

containing 11 at.% boron substituted.   

 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. The influence of 11% boron symmetrically distributed with a 
circumcoronene (C54H18) host molecule on the out-of-plane distortion, δ.  Molecule I 
is the structure having 11% boron symmetrically distributed and boron loading is 
clustered.  A distortion maximum of 0.7Å occurs on Molecule I.  

C54H18   
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Molecule I: B6C48H18(11% B)   
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Table 3.1 

Total Energy and Linear Strains Associated With a Circumcorene Host Molecule 
Containing 11 at.% Boron 

 Total Energy 
(kJ/mol) 

Strain on x axis, 
εx 

Strain on y axis, 
εy 

   Molecule I 631.8 4% 7.0% 
   Molecule II 754.9 4% 2.2% 
   Molecule III 751.1 3% 3.4% 

 

Molecule I has the lowest total energy and highest strains both on x and y dimensions, 

while molecule II and III have the similar energy level and strains of 2-4%.  An 

important issue associated with the ground state energy of boron substitution within the 

carbon structure is the location of boron in the lattice.  Hach et al.10 undertook a similar 

calculation and found that boron distribution in the layer plane as short range clusters is a 

 
y x 

 
y z 

Molecule III 
Disordered B6C48H18 (11%B) 

Figure 3.2. The influence of 11% boron asymmetrically distributed within a 
circumcoronene (C54H18) host molecule.  Molecule II and III are two structures 
having 11% boron asymmetrically distributed.  No in-plane strain is noted. 

Molecule II 
Disordered B6C48H18 (11%B) 
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favorable (low energy) positioning.  The structure of Molecule I satisfies the 

arrangement of this low energy structure, which is arguably the most stable among these 

three molecules.  These calculations support the notion that it is less energy intensive to 

fabricate tubes or novel carbons with clusters of boron symmetrically distributed.  The 

net result is that these structures will contain a significant amount of strain introduced by 

the boron atom and as a result the tube structure will be distorted.   

 

To investigate the influence of boron on nanotube structure, a 2D lattice is constructed 

representing a C5B stoichiometry.   Figure 3.3 is a schematic of an undoped graphite 

layer plane and C5B (17 at.%) layer plane.  Both the orientation of the zig-zag (n,0) edge 

and arm-chair (n,n) edge are noted in the schematic.  A unit cell of 18 carbon atoms is 

used to facilitate the construction of C5B lattice in CASTEP.  The calculated lattice 

parameters of the undoped graphite layer plane are a = b = 7.38 Å, and γ=120˚.  The 

C5B lattice is constructed by uniformly (symmetrically) substituting boron atoms along 

the diagonal of the unit cell.  The calculated lattice parameters of this unit cell are 

a=7.50 Å, b=7.51 Å, and γ = 119.5˚.  With the substitution of 17% boron into the 

graphite layer, the bond lengths are increased and bond angle is decreased.  The area of 

the unit cell is expanded by 4% and the angle decreased by 0.5˚.  With the addition of 

boron, the angle between the nanotube vector (n,0) and (n,n) is distorted by 0.3˚.  This 

distortion or tube strain will introduce chirality or modify the existing chirality of the 

nanotube. 
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Figure 3.3. Influence of boron concentration on the distortion of the 17% boron-doped 
graphite layer plane.  (a) An undoped graphite layer plane, having a 2D lattice of 18 
carbon atoms. The calculated lattice parameters are a=b=7.38 Å and γ = 120˚.  (b) An 
17% boron-doped graphite layer plane, having a 2D C5B lattice.  The lattice parameters 
are a = 7.50Å, b = 7.51Å and γ = 119.5˚, and the chiral vector is (n,0).   
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Using the 2D lattice given in Figure 3.3 a SWCNT is constructed in Figure 3.4 using 

CASTEP.  The introduction of boron into a zig-zag (9,0) nanotube increases the tube 

length (L) from 4.22 Å to 4.39 Å, and the tube diameter (φ) from 7.16 Å to 7.35Å.  

There is 4% strain along the length and 3% strain around the diameter of the unit cell 

with the substitution of 17% boron positioned symmetrically throughout the tube.  As a 

result of the twisted 2D lattice, a chirality of 2.4˚ is present in this C5B (9,0) nanotube.  

 

3.4.2 Boron-doped Carbon Nanotubes via CVD Process   

A transmission electron micrograph of boron-doped carbon filaments deposited at 800˚C 

for 30min is given in Figure 3.5.  These filaments have a diameter of ~80 nm.  Recent 

B 

Figure 3.4. 17% boron symmetrically distributed modifies the dimensions of a (9,0) 
nanotube.  Chirality of 2.4˚ is present.  (a) A carbon (9,0) zig-zag nanotube, and (b) 
17% boron symmetrically doped carbon (9,0) nanotubes.  

a. Carbon (n,0)=(9,0) zig-zag nanotube 

b. 17% B-doped carbon (n,0)=(9,0)    
     nanotube 

Unitcell C36  

Unitcell C30B6 

L 

φ 
L= 4.22Å 
φ = 7.16Å 
 
No Chirality 
 

L= 4.39Å 
φ = 7.35Å 
 
Charality=2.4˚ 
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XPS work indicates that the boron concentration is 11 at.%.  There are two distinct 

microstructures along the tube axis.  The first is a herringbone stacked core oriented 10-

20˚ along the tube axis.  The second is a helical outer diameter that has a 30˚ orientation 

along the tube axis.  A spot diffraction pattern of this filament indicates the broad 

diffraction consistent with (002) of graphite (d = 0.34 nm).  However, there are two sets 

of (002) scattering about the axis of the tube that is indicative of a helical patterning of 

the sp2 carbon structure.  At this point, it is clear that boron substitution in the filaments 

creates strains within the host structure.  This strain may result in the modification of 

microstructure observed within the filaments deposited to date. 

 

      
 
 
 
 

 

 

Figure 3.5. Bright-field TEM image and the electron diffraction pattern of a boron-doped 
filament deposited at 800˚C for 30min. 

30˚ 

30˚ 

002 

tube axis 

30˚ 
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3.5  Conclusions 

The influence of substitutional boron on carbon nano-structures is investigated using 

molecular and quantum mechanics computer modeling.  A circumcoronene (C54H18) 

molecule, 2D graphite layer and (9,0) carbon nanotubes are chosen as the host carbon 

lattices for this investigation.  With the substitution of 2-20 at.% boron into the 

circumcoronene molecule, an angular distortion is created that produces an out-of-plane 

buckling, having a maximum deflection of δ = 0.7 Å at 11 at.% boron.  With the 

substitution of 17% boron into the graphite layer, the dimensions and angle of the unit 

cell are both modified: the area of the unit cell is expanded by 4% and the angle is twisted 

by 0.5˚.  There is 4% strain on length and 3% strain on diameter of (9,0) nanotubes with 

the substitution of 17% boron symmetrically distributed.  As a result of the twisted 2D 

lattice, a chirality of 2.4˚ is present in the C5B (9,0) nanotube.  Irregular buckling 

happens on the wall of randomly boron-doped nanotubes.  According to the ground state 

energy calculation, it is expected that B-doped nanotubes grown in the vapor phase are 

likely to have random boron distribution.  Additionally, B-doped carbon filaments have 

been catalytically synthesized via a CVD reaction using benzene and BCl3.  With the 

addition of approximate 11% boron, the microstructure of the CVD nano-fiber exhibits 

two distinct carbon phases.  There is also a reproducible angularity to these 

microstructures along the axis of the fiber that is argued to be the result of the distortions 

created on the crystal structure level. 
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4   Synthesis of Boron-doped Carbon Nanotubes and 

Nanofibers 
 

4.1  Introduction 

Carbon filaments, including nanotubes and nanofibers, have been synthesized by catalytic 

chemical vapor deposition (CVD) since the 1960s.1-4  Carbon nanotubes have been a 

focus in materials research since they were first discovered in 1991.5  This important 

discovery led to the realization that nanotubes would inherit several important properties 

associated with the organization of the graphene layers along the filament axis.  For 

example, a nanotube exhibits high electrical conductivity, thermal conductivity, and 

mechanical strength along its axis.  Nanotubes are also very inert as there are very few 

open edges and dangling bonds in the structure.  These properties make carbon nanotubes 

an important material for various electronic and mechanical applications.  The 

applications of carbon nanotubes and nanofibers are being investigated in many areas, 

such as field emission tips,6-10 transistors or logic elements,11-13 electrodes in 

electrochemical supercapacitors,14,15 and potential filling materials in polymer 

composites.16-18 

 

Since the late 1990s, substantial and rapid progress has been made in the development of 

CVD as a highly controlled technology for the production of carbon nanotubes and 

nanofibers.  Today, using CVD methods, it is possible to fabricate high quality single-

walled carbon nanotubes (SWCNTs),19,20 or multiwalled carbon nanotubes (MWCNTs),21 

horizontally aligned tubes22,23 or vertically aligned tubes,23-25 tubes with controlled 
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diameter,8,26 tubes with controlled length,27,28 tubes with tubular stacking or platelet 

stacking,4,29 and tubes deposited directly onto substrates or tubes in bulk form.30  

Compared to the other methods of making nanotubes and nanofibers, the major 

advantages of CVD are: (1) the carbon nanotubes and nanofibers can be used directly 

without further purification,31 and (2) the production can be easily scaled up to an 

industrial level.  

 

In our research, a catalytic CVD process is used to grow boron-doped carbon nanotubes 

and nanofibers.  Generally speaking, catalyst nanoparticles, carbon and boron feedstocks, 

carrier gases, and heat are required for this synthesis method.  The following discusses 

the influence of different catalysts, the chemical reaction in the reactor, the selection of 

the carrier gas, and the influence of deposition conditions (i.e., reactant ratio, deposition 

temperature and time).  The growth mode of carbon nanofibers is also discussed.  Finally, 

the optimum conditions to obtain boron-doped carbon nanofibers via catalytic CVD are 

presented.   
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4.2  Experimental Procedures 

4.2.1 Synthesis of Boron-doped Nanofibers via CVD Process 

A horizonal CVD reaction furnace is used for the synthesis.  A schematic of the reaction 

furnace is given in Figure 4.1.  The reaction furnace includes a Thermolyne 21100 tube 

furnace, Aera Inc. D980C Mass Flow Controller, Matheson Inc. FM-1050 flowmeters, a 

standard roughing pump, a mineral oil hydrocarbon trap, and a sodium hydroxide trap.   

The reactant gases are BCl3 (MG Industries, CP grade 99.9% pure) and C6H6 (Alfa 

Aesar, spectrophotometric grade 99.5+%).   The carrier gas used is either UHP H2 (Mills 

Welding & Specialty Gases) or UHP He (Rodger Welding Supply).  Fused quartz slides 

(1cm × 1 cm, 1mm thick) are positioned in the central hot zone (3” long) of the reactor as 

the deposition substrates. 

 

Ferrocene (Alfa Aesar, 99%), thin metal films, and nickel powder (Alfa Aesar, 99.8% 

pure, average particle size of 80-150nm) are used separately as the catalyst to grow 

filamentous carbon.  Ferrocene is dissolved in benzene (2 wt% in benzene), and then 

introduced into the reactor with the benzene vapor by the carrier gas flow.  Thin metal 

films (Fe, Ni, Cu and Cr) are deposited on the fused quartz slides by thermal evaporation 

using a Denton thermal evaporator at 10-8 torr.  The thickness of the film is determined 

by a film resistance measurement.  Nickel powder (~0.1 mg) is directly distributed on the 

substrates. 
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Figure 4.1. Schematic of the CVD reactor for the boron-doped carbon nanotubes and nanofibers.

MFC: BCl3 mass flow controller  

Furnace 

thermocouple 

MFC 

H2 BCl3 C6H6  

outlet 

Vacuum 
pump 

Chemical traps   



 

 4-5 

The reaction parameters of temperature and reactant ratio (BCl3/C6H6) are varied.  In a 

typical run, the total volumetric flow rate of gas entering the reactor is 65 ml/min.  The 

absolute system pressure is 93.5 kPa.  Benzene, at a flow rate of 10 ml/min, is introduced 

via the H2 gas.  BCl3, flowing at 10 ml/min, is mixed with the benzene prior to 

introduction into the hot zone.  The reaction is undertaken at 800 ˚C for 30 minutes.  

After deposition, samples are annealed at 900 ˚C for 20 hours under 93.5 kPa UHP He.   

 

4.2.2 Scanning Electron Microscopy and Energy-dispersive Spectroscopy 

Scanning electron microscopy is performed with an FEI Company QUANTA 200 field-

emission source scanning electron microscope (FE-SEM).  The Quanta is equipped with 

an EDAX SUTW/PHILIPS NEW XL-30 Energy Dispersive X-ray microanalysis (EDS) 

system.  The EDS detection unit has a Super Ultra-Thin Window (SUTW) that is 1.3 µm 

thick, so elements down to, and including boron (Z=5), can be detected.  The window 

material X-ray transmission for boron and carbon is 23% and 48%, respectively.   The 

accelerating potential is 20kV, and no coating is used. 

 

4.2.3 Thermodynamic Calculations Using FactSage Software 

Thermodynamic calculations are undertaken using a commercial code, FactSage 5.3.1, 

developed by Pelton, Bale, et al. at the Ecole Polytechnique de Montreal.32  A calculation 

of a reaction using the Reaction Module predicts the reaction possibility (ΔG).  The 

chemical equilibria using the Equilib Module are calculated by minimizing the Gibbs free 

energy of the species to predict the possible products. 
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4.3  Results and discussion 

4.3.1 Influence of Catalysts 
 
Two major routes to produce catalysts for carbon nanofibers growth by CVD are 

unsupported and supported methods.  The first involves growing the nanofibers in the 

vapor phase, also known as the floating catalyst method,33,34 while the other involves 

catalysts deposited on supports.4,35  Both methods use nano-sized transition metal 

particles as catalysts, and the distribution of the nanofiber diameter is correlated with the 

size distribution of the catalyst particles.36  The floating catalyst method is commonly 

used for the bulk production of nanotubes and nanofibers by CVD.  In this method the 

catalyst precursors, typically metallocenes such as ferrocene and nikelocene, are sublimed 

and thermally decomposed in the heated reactor and subsequently form the catalyst 

nanoparticles through nucleation, condensation and coagulation processes.  One of the main 

differences between the supported and unsupported methods is that the residence time of 

the floating catalyst method is on the order of seconds, so the formation of metal 

nanoparticles is very quick.  It is thus difficult to control particles sizes of the metal 

catalyst by the floating catalyst approach.  On the other hand, the supported catalyst 

method is more selective, and the size of the catalyst particles is easily controlled.  Typically, 

the supported method is carried out in a step-like style.  The first step is to introduce the 

catalyst or catalyst precursor onto the support that is placed at a fixed position in the 

furnace, and then to thermally treat it in order to obtain catalyst nanoparticles on the 

substrate surface.  Subsequently, the nanofibers are grown from the nanoparticles in the 

presence of the carbon source under heat. 

 

We have investigated the synthesis of boron-doped carbon nanofibers both by the floating 

catalyst method using ferrocene as the catalytic precursor, and by the supported catalyst 
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method using evaporated metal film as the catalyst.  In this paper, we discuss the 

characteristics of the carbon filaments as a function of the metal particles employed as 

catalysts. 

 

4.3.1.1 Ferrocene as the Catalyst Precursor 

Ferrocene has been used extensively as a catalyst in the floating catalyst method to produce 

carbon nanotubes and nanofibers.  Ferrocene, with a formula Fe(C5H5)2, has a melting 

point of 175˚C, and is readily sublimed over 100˚C.  During the CVD reaction, ferrocene 

is thermally decomposed in the vapor phase and forms iron nanoparticles by collision and 

agglomeration.  The iron in the nanotubes is found in the form of α-Fe surrounded by a 

small portion of Fe3C as the minor phase.37,38 

 

Figure 4.2 shows the SEM micrographs of the products deposited at 800˚C for 15 min 

using ferrocene as the catalyst.  The total flow rate of this run is 35 ml/min at atmospheric 

pressure, with a partial pressure ratio C6H6: BCl3: He = 4:4:27.  The micrographs reveal 

that the products are diamond microcrystals having a size of 10-15 µm.  No filamentous 

carbon grows under this condition.  The isolated microcrystals exhibite primarily (111) 

and (100) facets, but are randomly oriented and occasionally twinned.  Figure 4.3 shows 

the SEM images of the products deposited at 800˚C for 30 min using ferrocene as the 

catalyst under the same flow rate.  Both diamond microcrystals and carbon filaments 

exist in the resulting deposit.  The size of the diamond microcrystals is also 10-15 µm, 

but the facet surfaces are less sharp as compared to those deposited at a time of 15 min.  

The carbon filaments grow when deposited at longer time (30-60 min).  The diameter of 

the filaments ranges from 40-200 nm.  The wide distribution of diameters is the result of 
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the poor control of the particle size of the metal catalyst from the thermal decomposition 

of ferrocene in a gas phase reaction. 

 

It is noted that under the same deposition conditions (catalyst, temperature and flow 

rates), deposition time has a significant influence on the growth of diamond microcrystals 

and filamentous carbon in the CVD system.  The diamond microstructure changes with 

the time, and this is evidenced by SEM micrographs, given in Figure 4.4.  Diamond 

grows very quickly (<15 min) and the size changes little with time.  However, the facet 

surface gets less sharp, and shows signs of etching.  The growth of filamentous carbon 

requires a longer reaction time (> 15 min), and ranges between 30-120 min.  It is deduced 

that the production of diamond is the consequence of ferrocene pyrolysis.  There is a 

competition between the nucleation of diamonds and filaments once the iron 

nanoparticles (or seeds) form by ferrocene pyrolysis.  Studies of diamond growth on 

carbide-forming refractory metals reveal that diamond nucleation occurs only after the 

formation of a thin carbide layer (Fe3C).39,40  Lux and Haubner 41 postulated such a model, 

and suggested that carbon dissolves into the metal particles, resulting in the formation of 

a stable carbide.  Diamond nucleation occurs on the carbide layer when the carbon 

concentration on the surface reaches its saturation value.  The incubation period for 

nucleation is shortest for the metal that most rapidly achieves a supersaturation of carbon 

on its surface.  In our system, the high surface energy of the nano-sized iron particles 

helps to achieve a carbide layer and, consequently, the nucleation of diamonds.  The 

increase in size of the isolated crystals at the beginning stage (<15 min) is due to 

abundant carbon surface diffusion from the relatively large diamond-free area 
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surrounding the nucleated crystals.  After diamond-layer formation, the increase in 

thickness is proportional to the incoming carbon flux, but with a low carbon yield.42  

Therefore, diamond microcrystals are observed to grow rapidly at the early stages of the 

CVD process, but the size changes little after 15 min, and the facet surface becomes 

etched over time by the corrosive vapors associated with BCl3 in the system. 

 

According to the observations by SEM, there are two reasons why ferrocene, as floating 

catalyst, might behave poorly (does not yield nanofibers) in a thermal CVD system 

containing C6H6, BCl3 and He.  The first reason is the inability to control the size of the 

metal catalyst, which leads to a wide distribution of filament diameters.  The second 

reason is the rapid nucleation of diamonds at the beginning stage, resulting in a low yield 

of carbon for nanofiber synthesis. 

 

 

 

            

 

 

 

Figure 4.2. The microstructure of diamond microcrystals deposited at 800˚C for 15min 
using ferrocene as the catalyst.  Reactants are C6H6 and BCl3, and He as the carrier gas.  
Images are secondary electron micrographs taken at 200x and 3kx, respectively.  
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Figure 4.3. The microstructure of diamond microcrystals and nanofibers deposited at 
800˚C for 30min using ferrocene as the catalyst.  Reactants are C6H6 and BCl3, and He as 
the carrier gas.  Images are secondary electron micrographs taken at 5kx, 10kx and 20kx, 
respectively.  

 
 
 
 
 
 

 
 
 
 
 
Figure 4.4. Change of the microstructure of a single diamond microcrystal with the CVD 
deposition time.  Microcrystals are deposited at 800˚C using ferrocene as the catalyst.  
Reactants are C6H6 and BCl3, and He is the carrier gas.  Images are secondary electron 
micrographs taken at 4kx.  
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4.3.1.2  Metal Particles as the Supported Catalyst   

Nanosized transition metal particles supported on the substrates have been widely used in 

the CVD process to synthesize carbon nanotubes and nanofibers, either in oxide or 

metallic forms, or as mixtures.  The most important property of the metals, with regard to 

formation of filamentous carbon, is the ability to catalytically decompose vaporized 

carbon-containing molecules, i.e., carbon sources.  The suitability of transition metals as 

catalysts is due to their various physical and chemical properties, including melting point, 

equilibrium vapor pressure, carbon solubility and carbon diffusion rate in the metal.    

 

In order to select an effective catalyst, we explored the ability of a few catalysts to form 

boron-doped carbon nanofibers, including Ni powder and thin metal films of Cu, Cr, Fe 

and Ni.  Values of selected physico-chemical properties for the four transition metals in 

their bulk form are listed in Table 4.1.  Iron and nickel, known as catalysts for pure 

carbon nanotube production, have similar properties, while copper has a low carbon 

solubility, and chromium has a relatively high melting point.  Nanosized metal particles 

are not commercially available, however, thin metal film is commonly used to create 

metal nanoparticles.  Thermal evaporation is applied to deposit the thin metal film on the 

fused quartz substrates.  The film thickness is on the order of a few nanometers.  Under 

the high temperature of heat treatment (usually the deposition temperature), the thin film 

breaks up mechanically and subsequently coalesces to form nanoclusters because of the 

increased surface mobility and strong cohesive forces of the metal atoms.43,44  The 

nanoclusters then catalyze the growth of nanotubes and nanofibers through the carbon 

dissolution, saturation, and precipitation processes. 
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Table 4.1. Physico-chemical Properties of Selected Transition Metals 45 

Macroscopic properties Iron Nickel Chromium Copper 

Density, at 20˚C  (g⋅cm-3) 7.87 8.9 7.1 8.96 

Melting point (˚C) 1536 1455 1860 1085 

Coefficient of expansion,  
0-100˚C          (10-6 K-1) 

12.1 13.3 6.5 17.0 

at 20˚C 2.48 2.22 2.21 1.39 Surface tension  
(N⋅m-1) at Tmelt 1.87 1.78 1.70 1.29 

Equilibrium vapor pressure, 
at 1000˚C     (Pa) 

6.48×10-5 1.17×10-5 2.36×10-3 6.0×10-3 

Carbon solubility, at Tmelt 
(at.%) 

20.2 13.9 ~40 2×10-4 

Carbon diffusion coefficient  
in metal, at 1000˚C  (m2⋅s-1) 

1.5×10-11 2×10-11 NA NA 

 

The size of the nanoclusters can be controlled by the thickness of the metal film or by the 

temperature.44,46  Usually, thicker films and higher temperatures lead to the formation of 

larger metal clusters due to the increased surface migration of the metal atoms.  In 

addition, in the boron doping CVD system, the reaction between metal and the corrosive 

BCl3 has to be considered, which would change the composition and catalytic behavior of 

metal particles.  

 

Figure 4.5a shows the microstructures of the deposits using a thin film of Cu as the 

catalyst. There is no filamentous carbon produced when using copper as the catalyst. 

Figure 4.5b is the EDS spectrum, showing the elements detected in the area of Figure 

4.5a.  Carbon solubility in copper is very low, 2×10-4 at.% at its melting point.45  The 

high carbon solubility in transition metals has been regarded as one of the most important 
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factors enabling their use as catalysts in the production of filamentous carbon.47  Thus, 

Cu itself is not suitable as a catalyst to synthesize carbon nanotubes and nanofibers. 

 

Figure 4.6-4.8 show the microstructures of the deposits using thin film of Cr, Fe and Ni 

as the catalyst.  Although Cr and Fe metals have high carbon solubility, there are not 

many carbon filaments produced.  Using Cr film, cubic microcrystals (~2µm) and 

whiskers are deposited, Figure 4.6.  Using Fe film, amorphous carbon particles (< 3 µm) 

are observed, Figure 4.7.  The EDS spectra reveal the presence of the elements: B, C, Fe, 

O and Si, where the latter three are from the coated substrate.  Carbon filaments are 

successfully deposited using Ni film, and have a diameter of about 50 nm, and a length 

exceeding 10µm, Figure 4.8.  Fe has been known as a catalyst for pure carbon nanotubes, 

thus its inability to be a catalyst in the boron doping system is correlated with an apparent 

reactivity with BCl3 gas.   

 

In order to understand the deposition product when using Cr, Fe or Ni film with the 

presence of BCl3 in the reaction system, thermodynamic calculations of equilibrium 

systems of metal (Cr, Fe or Ni), BCl3 and H2 are undertaken using FactSage database and 

software.32  Equilibriums occur at 800˚C and 101.3 kPa.  The reactants (initial state) and 

products (final state) and the calculated Gibbs free energy changes (ΔG) are listed in 

Table 4.2.  The negative ΔGs indicate that all the final states of the equilibriums are 

stable and likely to exist. According to the calculation, Cr with BCl3 and H2 generates 

CrCl2 and CrB solid, where CrCl2 is a needle-like crystal and hygroscopic.48  The grass-

like whiskers produced via the CVD reaction, shown in Figure 4.6, are soluble in water  



 

 4-14 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.5.  (a) The SEM image and (b) EDS spectrum of the deposit using Cu film as the 
catalyst.  Reactants are C6H6 and BCl3, and H2 is the carrier gas, deposited at 800˚C for 45 
min.  Image is secondary electron signals taken at 2kx, and EDS spectrum is frame scan 
on the whole area. 
 
 

10µm 

(a) SEM image 

(b) EDS spectrum 
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Figure 4.6. The SEM images of the deposit using chromium film as the catalyst.  
Reactants are C6H6 and BCl3, and H2 is the carrier gas, deposited at 800˚C for 45min.  
Images are secondary electron signals taken at 500x and 1kx,respectively.  
 
 

20µm 

10µm 
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A 
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Figure 4.7. (a) The SEM image and (b) EDS spectra of the deposit using iron film 
(~4nm thick) as the catalyst.  Reactants are C6H6 and BCl3, and H2 is the carrier gas, 
deposited at 800˚C for 30 min.  Image is 50% secondary electron signals and 50% 
backscattering electron signals taken at 5kx, and EDS spectra is spot scan on the 
selected area A and B. 
 

 (a) the SEM image  
 

(b) EDS spectra on selected area A and B 
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Figure 4.8. The SEM images of the deposit using nickel film (~5 nm thick) as the 
catalyst.  Reactants are C6H6 and BCl3, and H2 is the carrier gas, deposited at 750˚C for 30 
min.  Images are secondary electron signals taken at 20x and 50kx, respectively.  
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Table 4.2. Thermodynamic Calculations of Equilibrium Reactions at 800˚C and 101.3kPa. 

Substances at initial state  Substances at final state ΔG (kJ) 

Solid phase:  Cr 1 mol  
 

Solid phase: CrCl2 0.52 mol 
CrB   0.48 mol 

Gas phase: BCl3 1 mol 
H2    1 mol 

Gas phase: BCl3 0.50 mol 
H2    0.78 mol 
HCl  0.41 

-47.9 

Solid phase: Fe 1 mol  Solid phase: FeB  0.60 mol  
 
Gas phase: 

 
BCl3 1 mol 
H2    1 mol 

Gas phase: BCl3 0.39 mol 
 H2    0.49 mol 
HCl  1.02 mol 
FeCl2 0.23 mol 
(FeCl2)2 0.09 mol 

-24.1 

Solid phase:  Ni 1 mol Solid phase: Ni      0.21mol 
Ni4B3 0.20 mol 

Gas phase: BCl3 1 mol 
H2    1 mol 
 

Gas phase: BCl3  0.41 mol 
   H2  0.11 mol 
HCl   1.77 mol 

-30.0 

 

and the aqueous solution is blue.  Therefore, those whiskers are CrCl2 instead of carbon-

based filaments.  During the equilibrium reaction at 800˚C, Fe with BCl3 and H2 

generates FeB solid and FeCl2 and (FeCl2)2 vapor.  There are 40 mol% Fe transferred into 

the vapor phase, and no metallic form is left in the final state.  Although there might be 

reactions involving the carbon source in the CVD system, the production of iron 

compounds in the vapor phase at 800˚C leads to a large mass loss of iron in its solid state.  

Additionally, no evidence indicates that FeB (refractory solid, orthorhombic crystal 

structure) can be a catalyst for filamentous carbon growth.  As a result, in the CVD 

reaction using a thin film of Fe, no carbon filaments are obtained.   As for nickel, the 

thermodynamic calculation reveals that ~20 mol% metallic nickel survives in the final 

state and the remainder of the nickel is transferred into solid boride.  At this point, one 

can expect that nickel is the most capable catalyst among the three metals (Cr, Fe and Ni) 
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for synthesis of boron-doped carbon nanofiber or nanotube with the presence of corrosive 

BCl3 as the boron source.   The microstructure of the deposit in Figure 4.8 also confirms 

that nickel can be a catalyst for boron-doped carbon filaments. 

 

Figure 4.9 shows the microstructures of the deposits using Ni powder as the catalyst.  The 

particle size of the nickel powder is 80-150 nm, which is the finest particle size 

commercially available.  Uniform dispersion of this fine nickel powder on the fused 

quartz slide is difficult due to the high surface energy; therefore, the nickel particles are 

sitting on the substrate as micro-size clusters.  Carbon filaments are obtained, and have an 

average diameter of ~50 nm, similar to the diameter of those obtained using a nickel film 

as the catalyst.  However, the diameter size distribution is large.  There are also some 

short and fat filaments (~1µm in length and ~150 nm in diameter).  This results from the 

wide size distribution of the particles in the commercial metal powder. 

 

In summary, nickel is a suitable metal to synthesize boron-doped carbon nanofibers when 

using C6H6 and BCl3 as the reactant, and H2 as the carrier gas via the thermal CVD 

process.  Both nickel thin film (of several nanometers thick) and nickel powder (in very 

fine particle size) are able to catalyze nanofibers having an average diameter of ~50 nm.  

Because of the limited availability and wide particle size distribution of nickel powder, a 

nickel thin film with controlled thickness is a preferable catalyst for the production of 

boron-doped carbon nanofibers.   
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Figure 4.9. The SEM images of the deposit using nickel powder as the catalyst.  
Reactants are C6H6 and BCl3, and H2 is the carrier gas, deposited at 750˚C for 30 min.  
Images are secondary electron signals taken at 10x and 50kx, respectively.  
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4.1.3 Properties of Nickel Nanoparticles 

The dependence of the diameter of the carbon nanotubes and nanofibers on the catalyst 

particle size has been extensively studied experimentally,49,50 as well as predicted from 

the growth mechanisms.44,49,51  This finding has been the motivation for decreasing the 

catalyst particle size to produce the desirable carbon nanotube product, such as single-

walled nanotubes.  On the other hand, size affects the properties of metal particles.  

Decreasing the size of the metal particles to the nanometer scale results in a notable 

increase in the ratio of surface atoms to internal atoms.  The atoms located on the surface 

are in a higher energy state, thus more active and mobile.  As a result, various physical 

and chemical properties of nanoparticles differ from those of the bulk materials.  For 

example, a decrease in melting point and an increase in vapor pressure and carbon 

solubility have been observed in nano-scaled metal.  We use a nickel thin film (<10 nm 

thick) as the catalyst in this CVD synthesis.  Its modified properties, due to the physical 

form, including a change in the melting point, modified carbon solubility, and carbon 

diffusion behavior, are discussed below. 

 

One common question asked is whether the catalyst is a liquid or solid during nanofiber 

or nanotube growth.  The melting temperature of metal particles smaller than 

approximately 100 nm can be decreased significantly by further reducing size.52,53  The 

melting temperature of a particle (TC) with a radius r can be approximated by  

! 

TC = T0(1"
2#slVm

$Hfusion
%
1

r
)                                               (4.1) 

where T0, ΔHfusion, Vm, σsl denote the bulk melting point, the latent heat of fusion, the 

molar volume and the solid-liquid interfacial energy, respectively.54  The melting 
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temperature of nickel as a function of particle radius is presented in Figure 4.10.  As 

shown, the melting point drops from 1455˚C down to 800˚C when the particle size is 4-5 

nm.  It indicates that the catalyst nanoparticles from nickel thin films of ~5nm thick in 

our CVD reactor at 800˚C are likely in the liquid state.  

 
Figure 4.10.  Melting point of nickel as a function of particle diameter. 

 

The carbon solubility in metals is a temperature-dependent property, which increases 

with increasing temperature.  The carbon solubility in bulk nickel as a function of 

temperature is given in Figure 4.11.  In addition, the solubility of carbon in metals can be 

significantly increased due to the small size of the catalyst particles.  The size effect on 

the carbon solubility in metal particles can be estimated as 

! 

S= S0 exp(
2"Vm

RT
#
1

r
),                                                (4.2) 

where S and S0 are solubilities in the particle and bulk material, σ, Vm, R, T, r denote the 

surface energy, the molar volume, the gas constant, the temperature and the particle 

radius, respectively.55  The size effect on the carbon solubility in nickel at the melting 
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point is presented in Figure 4.12.  For 5 nm diameter nickel particles carbon solubility is 

close to 15%. 

 
 

 
Figure 4.11. Solubility of carbon in nickel at 101.3 kPa as a function of temperature.  
Derived from Ni-C binary phase diagram using SGTE database. 
 

 

 
Figure 4.12. Carbon solubility in nickel at melting point as a function of particle size. 

5 nm 

Teutectic 

Tmelt 
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Carbon diffusion through the metal particles has been studied with respect to the growth 

mechanisms of carbon nanotubes and nanofibers.  It has been found that the enthalpies 

for the growth of carbon filaments with iron, nickel or cobalt catalyst were similar to the 

enthalpy of carbon diffusion through the metal.3  Thus, the rate-determining step in the 

growth is believed to be the diffusion of carbon through the catalyst.  The expression of 

the diffusion coefficient is 

D = D0 exp (- Qd / RT) ,                                       (4.3) 

Where D0 and Qd are the temperature-independent pre-exponential factor and the 

activation energy, respectively.56  

 

Two diffusion paths, bulk diffusion and surface diffusion, for carbon in metal particles 

have been discussed.  For carbon diffusion in nickel, the Qd for bulk diffusion is 145-150 

kJ/mol,57,58 while the Qd for surface diffusion is much lower, ~30 kJ/mol on 

polycrystalline Ni.59  Baker et al.60 first postulated a bulk diffusion mechanism,  and this 

has been commonly accepted to account for the formation of both nanotubes and 

nanofibers.  Baird et al.1 and Oberlin et al.61 proposed another common growth 

mechanism involving surface diffusion instead of bulk diffusion.  Since the metal 

particles for nanotube growth are nano-sized, especially 1-3 nm for single walled 

nanotubes, the ratio of surface atoms to internal atoms is significantly higher.  The 

surface diffusion mechanism has to be involved in the growth process.  Temperature is a 

factor in determining the diffusion path as well.  Hofmann et al.62 investigated the low-

temperature growth of carbon nanotubes and nanofibers by plasma-enhanced CVD and 

found the activation energy for the growth rate is ~23 kJ/mol at low temperature (500-



 

 4-25 

700˚C), which is similar to that for surface diffusion.  We discuss the carbon diffusion 

and the growth mechanisms of the boron-doped nanofibers deposited in our system 

combined with the nano-structure observation in Chapter 6. 

 

4.3.2 Pyrolysis Reaction of Benzene 

The term pyrolysis is defined as the conversion of the carbon feedstock to solid carbon as 

the main product, and to different volatile compounds as by-products.63  The amorphous 

carbon is deposited from the pyrolysis of carbon feedstock, while the carbon nanotubes 

and nanofibers are grown from the catalytic decomposition of the carbon feedstock gas. 

Carbon-containing molecules, ranging from aliphatic and aromatic hydrocarbons to 

carbon monoxide (CO), alcohols and fullerences, can be used as sources of 

carbon.20,49,64,65 

 

Benzene is used as the carbon source in our work.  The driving force for the pyrolitic 

reaction of benzene can be derived from a plot of the Gibbs free energy change (ΔG) of 

the benzene decomposition versus temperature (generated using FactSage software and 

database 32) as shown in Figure 4.13.  According to the thermodynamic calculation, the 

forward reaction producing elementary carbon is favored with an increase in temperature.  

However, the pyrolysis of benzene below 800˚C leads to biphenyl as the main by-

product, as well as small amount of terphenyls and polyphenyls.63  Complete pyrolysis to 

the elements carbon and hydrogen takes place at temperatures above 900˚C.  During the 

CVD reaction of this study at temperatures between 750˚C to 900˚C, the formation of a 
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pale yellow, transparent, flaky crystal is observed on the tubing inner wall at the exhaust 

outlet.  This crystal is identified as biphenyl by measuring the melt point at ~69˚C. 

 

In order to understand the thermodynamics of benzene decomposition with the presence 

of BCl3 gas, the calculations of ∆G for equilibrium systems of 1mol C6H6 and 1mol C6H6 

with 1 mol BCl3 versus temperatures are undertaken using FactSage software at an 

atmospheric pressure, respectively, as shown in Figure 4.14.  In 1 mol C6H6 system, at 

temperatures below 600˚C, the ∆G of the equilibrium is lower than that of the complete 

decomposition as given in Figure 4.13.  At temperatures above 700˚C, the ∆G values are 

the same.  This is because carbon compound by-products such as biphenyl are readily 

produced at low temperatures as discussed above.  There is not much difference in the 

∆G value between systems with and without BCl3 below 700˚C.  However, ∆G drops 

more in the system with BCl3 at high temperatures.  This indicates that the driving force 

of the pyrolitic reaction (decomposition) of benzene increases with the presence of BCl3. 

 

The kinetics of thermal decomposition of benzene in a flow system was studied by Hou 

and Palmer.66  It was found that, in the early stage of reaction, the decomposition kinetics 

can be treated as mixed first- and second-order reactions.  The first-order reaction is a 

chain, while the second-order reaction is the bimolecular formation of biphenyl and 

hydrogen.  The rate constants for the two reactions are kI = 109.15 exp (-217 kJ/RT) sec-1 

and kII = 1014.0 exp (-167,000/RT) mol-1⋅ ml⋅ sec-1, respectively.  According to this first-

order reaction, the carbon yield in our tube furnace (an effective hot zone is 150 mm 

length and 46 mm diameter) at a flow rate of 35 ml/min, and a temperature of 850˚C, is 
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calculated as 56%.  Experimentally, at the same flow rate and temperature for 5 hours 

using 2 wt.% ferrocene in benzene as the catalyst, a carbon yield of 40% is obtained by 

measuring the benzene mass loss and the carbon black gain in the furnace.  However, the 

yield of carbon filaments in our system is very low.  The catalyst of thin film on selected 

substrate limits the yield.  For example, using the Ni film (~5 nm thick) coated on the 

quartz slide as the catalyst, the carbon filament gain is ~1 mg/cm2 on the substrate after a 

reaction at 800˚C for 30min and with a flow rate of 65 ml/min. 

 

 
Figure 4.13.  Thermodynamic calculations of ∆G for benzene decomposition. 

 
 
 

C6H6 (g) = 6 C (s) + 3 H2 (g) 
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Figure 4.14.  Thermodynamic calculations of ∆G for isothermal equilibrium systems at 
an atmospheric pressure starting with the reactant of (a) 1mol C6H6, and (b) 1mol C6H6 
with 1 mol BCl3.  

 

 

4.3.3 Carrier Gas Selection 

Either helium or hydrogen has been used as the carrier gas in our system to synthesize 

boron-doped carbon nanofibers.  Helium is inert and simply dilutes the reactant gases 

during the reaction.  In contrast, H2 plays an active role during the boron-doped carbon 

deposition owing to its reducing nature.  The microstructures of boron-doped carbon 

films using helium and H2 as the carrier gas are given in Figure 4.15.  Both films are 

produced under the same deposition conditions except for the carrier gas.  No catalyst is 

used, so no filamentous carbon grows.  The film surface using H2 is much rougher than 

that using helium, and the thickness of the film is ~8 µm compared to ~2 µm.  It is 

obvious that H2 as a carrier gas enhances the reactivity of the CVD reaction significantly. 

 

(a) 

(b) 
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Hydrogen has several well-known roles in carbon deposition.  First, it is believed to 

contribute to catalyst particle fragmentation, prevent carbide and oxide formation, and 

keep the catalyst particle active by reducing it.67,68  Second, hydrogen atoms generated as 

a result of thermal activation undergo H abstraction reactions with stable hydrocarbon 

molecules, producing highly reactive carbon-containing radical species, such as phenyl 

radicals (C6H5⋅) in our case.  These active radicals can diffuse and react, forming C-C 

bonds, thereby enabling the carbon lattice to propagate quickly.69  Third, hydrogen atoms 

terminate the large number of dangling bonds at the edges of the stacked graphite 

platelets, thus stabilizing the structure.68  Finally, hydrogen also reduces the formation of 

undesirable carbon deposits from the pyrolysis of carbon feedstock via rehydrogenating 

the active carbon species in the gas phase.70  In our boron doping CVD system, the 

presence of BCl3 allows hydrogen atoms to help boron substitute into the aromatic carbon 

ring by producing HCl, ultimately leading to a boron-doped graphene structure.    
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Figure 4.15.  The microstructures of boron-doped carbon film deposited using (a) He and 
(b) H2 as carrier gas. Both films are deposited at 800˚C for 8 hours, with a reactant ratio 
BCl3/C6H6=0.6. No catalyst is used.  Images are secondary electron micrographs.  

 

20µm 

20µm 

5 µm 

10µm 

(a) Boron-doped carbon film using He as carrier gas  

(b) Boron-doped carbon film using H2 as carrier gas  
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4.3.4 Influence of the Deposition Conditions  

The deposition conditions, including deposition temperatures, durations and reactant 

ratios (BCl3/C6H6), have been investigated.  We have found that deposition temperatures 

and reactant ratios influence the microstructure of the produced boron-doped carbon 

nanofibers significantly. 

 

4.3.4.1 Deposition Temperature 

The deposits have a randomly oriented morphology for all the deposition temperatures 

(750-900˚C), as shown in Figure 4.16.  The main characteristics of the fibers, their 

diameters, increase from ~0.1 µm to ~1.5 µm with an increase in deposition 

temperatures.  However, the length of the fibers decreases with the temperatures.  At a 

temperature of 900˚C, fibers have a diameter exceeding 1.5 µm, and the length is less 

than 10 µm.  It is obvious that lower temperatures are conducive to producing nanofibers 

with a small diameter, and nanofibers cannot be synthesized at a deposition temperature 

greater than 850˚C.  

 

The change in fiber diameter and length as a function of deposition temperature is 

expected.  The size (diameter and length) of the nanofibers is determined by the size of 

the nuclei (i.e. catalyst particles) and carbon deposition rate.  High temperatures lead to 

the formation of large metal clusters due to increased surface migration of the metal 

atoms.46  The catalyst particle size thus increases with temperature.  The carbon 

deposition rate is dominated by the diffusion path (bulk or surface) and rate.  The fiber 
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length growth rate is proportional to the mass deposition rate, and inversely proportional 

to the cross- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16.  Change of the microstructure of boron-doped carbon nanofibers with the 
increase in deposition temperature.  The deposition temperatures are (a) 750˚C, (b) 
800˚C, (c) 850˚C, and (d) 900˚C.  All samples are deposited for 30 min and at the 
reactant ratio BCl3/C6H6 = 0.6. Images are secondary electron micrographs taken at the 
same magnification at 5 kx. 

5µm 

5µm 

5µm 

(a) 750˚C (b) 800˚C 

(c) 850˚C (d) 900˚C 

5µm 

5µm 
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sectional area of the fiber.  For the fat fiber, the length growth rate slows down because 

the mass deposition rate does not match the increase in the fiber cross section.  Therefore, 

by increasing the deposition temperature, we obtain nanofibers having larger diameters 

and shorter lengths. 

 

4.3.4.2 Deposition Duration 

Figure 4.17 shows microstructures of fibers deposited at 800˚C and 850˚C for 60 min.  

Compared with the deposition in Figure 4.16 (b) and (c), the deposition time is extended 

from 30 min to 60 min while keeping the other parameters constant.  Although the 

diameters of the fibers increase with the longer time, the change in length is not obvious.  

From this point, increasing the time does not enable the synthesis of nanofibers having 

small diameters.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.17. Microstructure of boron-doped carbon fibers deposited at (a) 800˚C for 
60min and (b) 850˚C for 60min.  The reactant ratio is BCl3/C6H6 = 0.6.  Images are 
secondary electron micrographs taken at the same magnification at 5 kx. 

5µm 5µm 
(a) deposited at 800˚C for 60 min 
min 

(b) deposited at 850˚C for 60 min 
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4.3.4.3 Reactant Ratio of BCl3/C6H6    
 
Boron-doped nanofibers are grown by using three different reactant ratios (BCl3/C6H6) 

while keeping the other parameters constant.  Figure 4.18 (a)-(c) shows the nanofibers 

grown at 800˚C for 30 min with BCl3/C6H6 of 0.5, 1 and 2, respectively.  For comparative 

purposes, undoped carbon nanofibers produced under the same condition are shown in 

Figure 4.18(d).  There is a big difference in the morphology of the doped and undoped 

nanofibers.  The fiber diameter is less than 50 nm for the undoped sample, while the 

doped fiber diameters are more than 100 nm.  Interestingly, by increasing the BCl3/C6H6 

ratio from 0.5 to 2, the fiber diameters decrease and the fiber lengths increase.  To 

confirm the boron influence on the microstructure, we obtained the nanofibers deposited 

at 800˚C for 60 min with BCl3/C6H6 of 0.5, 1 and 2, respectively, as given in Figure 4.19.  

Similarly, the fiber diameters decrease and the fiber lengths increase with increasing the 

BCl3/C6H6 ratio.  

 

Boron doping (< 5 at.%) is found to improve graphitization of multi-walled carbon 

nanotubes and increase tube diameter.71,72  In our CVD process, the diameter of the 

nanofibers increases significantly from boron doping using BCl3 as the boron source.  It 

is likely that BCl3 modifies the surface properties of the nickel film, and weakens the 

surface tension of catalyst particles.  The size of the catalyst particles decreases with 

increasing BCl3/C6H6 ratios.  Therefore, the diameter of nanofibers decreases with 

increasing BCl3/C6H6 ratios. 
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Figure 4.18. Change of the microstructure of boron-doped carbon nanofibers with the 
change in reactant ratio BCl3/C6H6.  The reactant ratios are (a) BCl3/C6H6= 0.5, (b) 
BCl3/C6H6 =1, (c) BCl3/C6H6 = 2 and (d) no BCl3.  Samples are deposited at 800˚C for 30 
min, and at a total flow rate of 65 ml/min under 93.5 kPa.  Images are secondary electron 
micrographs taken at the same magnification at 5 kx. 
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5µm 

(a) BCl3/C6H6= 0.5 (b) BCl3/C6H6= 1 

(c) BCl3/C6H6= 2 (d) no BCl3 
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Figure 4.19.  Change of the microstructure of boron-doped carbon nanofibers with the 
change in reactant ratio BCl3/C6H6.  The reactant ratios are (a) BCl3/C6H6= 0.5, (b) 
BCl3/C6H6 =1, and (c) BCl3/C6H6 = 2.  Samples are deposited at 800˚C for 60 min, and at 
a total flow rate of 65 ml/min under 93.5 kPa.  Images are secondary electron 
micrographs taken at the same magnification at 5 kx. 
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(a) deposited at BCl3/C6H6= 0.5 (b) deposited at BCl3/C6H6= 1 

(c) deposited at BCl3/C6H6= 2 
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4.3.5 Growth Mode of the Boron-doped Carbon Nanofibers 

Two different growth modes, tip and base growth (Figure 4.20), have been observed, 

depending on the strength of the catalyst–substrate interaction.2,4  The tip growth takes place 

when the reaction is weak, and the catalyst particles are lifted from the substrate surface by 

the growing carbon filaments. On the other hand, this strong interaction favors the base 

growth and the particle remains pinned at the support surface during the carbon filament 

growth.  The interaction of the catalyst with the substrate surface can be characterized by its 

contact angle at the growth temperature, such as non-wetting (the contact angle is > 90 ,̊ 

weak interaction) and wetting (the contact angle is < 90 ,̊ strong interaction).4  Chhowalla, et 

al. 46 studied the interaction of Ni film on silica (SiO2) in detail and found a large contact 

angle exists at temperatures from 550˚C to 900˚C, and tip growth is favored in carbon 

nanotube growth.  In our CVD system, a Ni film on a silica substrate was used to grow 

boron-doped carbon nanofibers, and the deposition temperatures were in the range of 750-

900˚C.  Therefore, a tip growth mode was expected to be the growth mode of the boron-

doped carbon nanofibers.   

 

Figure 4.21 shows the SEM images of the boron-doped carbon nanofibers deposited at 

800˚C. The nanofibers have an average diameter of 200 nm and an average length of 

5µm.  Note that the SEM images were recorded using 50% secondary electron signals 

and 50% backscattering electron signals.  Thus the intensity (i.e. the brightness) is 

proportional to the atomic number of the elements that comprise the material.  The bright 

spots in the images are nickel particles, sitting either on the substrate or in the nanofibers.  

In the magnified image, nickel particles are sitting both on the tip and in the stem of the 

nanofibers.  The nickel particle size in the nanofibers is ~50 nm.  From the side view of a 

nanofiber, one can tell that the nanofibers are hollow in the center along the fiber axis and 
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the inside diameter is the same as the width of the nickel particles, ~50 nm.  

 

The qestion naturally arises: what is the growth mode of the boron-doped carbon 

nanofibers?  Although nickel particles are observed on the tip of the nanofibers, tip 

growth mode is unlikely to be the growth mode.  There are four reasons: (1) nickel 

particles are mostly situated on the substrate with a larger size (~100 nm); (2) besides 

sitting on the tip of the nanofibers, nickel particles also exist in the stem of the 

nanofibers; (3) the size of nickel particles on the tip of the nanofibers is relatively small 

compared to the diameter of the nanofibers; (4) nickel particles on the tip of the 

nanofibers are all covered by the carbon layers that are more than 50 nm thick.  The last 

two reasons indicate that the small nickel particle size of 50 nm is unable to act as the 

catalyst particle to grow a carbon nanofiber with a diameter of 200 nm by the process of 

carbon dissolution, saturation and precipitation.  Therefore, we propose that the growth 

mode of the boron-doped carbon nanofibers in the CVD system is base growth instead of 

tip growth.  Since BCl3 is present in the CVD synthesis system, the surface properties of 

both nickel particles and silica substrate are modified, and the interaction between the 

nickel particles and the silica substrate is strengthened.  The nanofibers having a hollow 

channel in the center along the axis nucleate and grow from the nickel particles situated 

on the substrate.  Because of the good wetting between the nickel particle surface and the 

inner wall of the nanofibers, a small amount of nickel (acting as liquid due to the size 

effect) is pushed upwards into the central hollow space of the nanofibers by the growth of 

the nanofibers, similar to capillary action.  
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Figure 4.19.  Two growth modes of carbon nanotubes or nanofibers, namely tip or base 
growth, resulting from different catalyst-support interaction.  Adapted from Baker.2  

 
 
 
 
 
 
 

 

 

 

 

 

 

Figur 4.20. SEM images of boron-doped carbon nanofibers deposited at 800˚C for 30 min 
using Ni film as the catalyst.  Image is 50% secondary electron signals and 50% 
backscattering electron signals taken at 20kx and 50kx, respectively. 
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4.4  Conclusions 

Boron-doped carbon nanofibers have been synthesized by a catalytic CVD method at 

750-900˚C from C6H6 and BCl3.  A thin nickel film of 4-5 nm was the most preferable as 

the catalyst.  Using hydrogen as a carrier gas enhanced the reactivity of the CVD 

reaction, and was conducive to boron doping.  The deposition temperature and reactant 

ratio (BCl3/C6H6) have a strong influence on the microstructure of the resulting 

nanofibers.  By increasing the deposition temperatures from 750˚C to 900˚C, nanofiber 

diameters increased from 0.1 µm to ~1.5 µm, and lengths decreased from 20 µm to less 

than 10µm. By increasing the BCl3/C6H6 ratio from 0.5 to 2 while keeping the other 

parameters constant, the fiber diameters decreased and the fiber lengths increased.  Based 

on the microstructure observations, a base growth has been proposed as the growth mode 

of these boron-doped carbon nanofibers.  
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5  The Chemistry of Boron-doped Carbon Nanotubes and 

Nanofibers 
 

5.1  Introduction 

It is well established that the presence of boron in carbon materials, including bulk 

graphite, carbon fibers, and carbon/carbon composites, effectively inhibits the oxidation 

reaction.1-5  Allardice and Walker 1 report that substitutional boron in natural graphite 

decreases the oxidation rate in both dry and moist oxygen at 600˚C.  Jones and 

Thrower2,3 study the effect of substitutional boron on the oxidation properties of doped 

carbon fibers.  The degree of carbon oxidation inhibition is dependent on the 

concentration of boron in the fiber.  McKee5 investigates the oxidation behavior of two-

dimensional carbon/carbon composites coated with glassy borate and report a significant 

reduction in the oxidation rate in dry or moist air at temperatures up to 1000˚C.  Kowbel 

et al.4 study the effect of boron ion implantation on the oxidation behavior of three-

dimensional carbon/carbon composites.  At least three possible mechanisms for boron 

inhibition have been proposed:1-4,6 (1) catalytic graphitization of the carbon structure, (2) 

specific site blockage by the formation of boron oxide, and (3) the electron transfer 

theory in which boron, as an electron acceptor, lowers the Fermi level of the graphite host 

material. 

 

The influence of boron on carbon materials becomes more profound as the boron content 

increases.  Soule’s study shows that substitutional boron (from ~1ppm to 0.5 at.%) 

decreases the Fermi level of the host single crystal graphite.7  Howe and Jones6 propose 
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that 0.1% B is the threshold concentration at which the electronic, chemical, and 

structural behavior would be modified.  Lowell has determined that the possible 

maximum boron concentration by a solid state diffusion process is 2.35 at.%.8  This 

could be argued to be the limit of the extent to which properties can be modified.  There 

is a great interest in increasing the substitutional boron concentration in carbon to further 

enhance the oxidation resistance and modify the electronic behavior of carbon materials.   

 

In the mid 1980s at the University of California-Berkeley, a boron-rich carbon material 

BCX with 25 at.% boron was first produced via a chemical vapor deposition (CVD) 

process using C6H6 and BCl3 at 800˚C at atmospheric pressure.9,10  The chemical 

composition of the CVD product was established by combustion in fluorine yielding BF3 

and CF4.  The relative ratio of these gases was determined by IR absorption 

spectrometry, which indicated a C/B ratio of 1/3.9  This ratio of C/B was also supported 

via electron energy loss spectra (EELS).11  Compared to solid state doping, producing 

boron-doped graphite structure by the CVD process has two distinct advantages: a much 

higher substitutional boron content is possible at a lower processing temperature.  Since 

then, the CVD process to synthesize boron-rich carbon film has been widely studied.12-16  

The stoichiometry of the deposited products reported varies from 5-25 at.% boron, 

depending on the experimental conditions used.     

 

The possibility of substitutional doping boron into carbon nanotubes has been 

investigated in order to tailor the electronic structure of the host nanotubes.17-19  There 

are two major methods to achieve boron-doped carbon nanotubes: substitution reaction or 
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direct synthesis.  The substitution reactions undertaken to date involve solid-state 

diffusion, using either single-walled or multi-walled carbon nanotubes along with boron-

containing compounds, such as B2O3.  The boron concentrations are reported to be ~10 

at.% by Han et al.20 and Golberg et al.,21 and 10-15 at.% by Borowiak-Palen et al.,22,23 

respectively.  This level of boron concentration is much higher than that of the boron-

doped graphite obtained via solid-state diffusion and closer to the boron concentration 

levels reported in the BCX thin films of Hach et al.14  There are three direct synthesis 

methods including arc-discharge, laser ablation, and CVD.  Both boron-doped single-

walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) 

have been produced via direct synthesis.  McGuire et al.19 synthesized boron-doped 

SWCNTs containing up to 3 at.% boron via laser ablation.  Redlich et al.24 produced 

boron-doped MWCNTs having 1-5 at.% boron using arc-discharge synthesis.  

Satishkumar et al.25 obtained boron-doped MWCNTs having ~3 at.% boron via the 

pyrolysis of C2H2–B2H6 mixtures.  Chen et al.26 prepared boron-doped carbon nanotubes 

via a microwave plasma CVD using B(OCH3)3 as the doping source.  There was no 

boron concentration reported from this work. 

 

Among these three direct synthesis methods, CVD is the most straightforward way to 

scale up production to industry level.  Recently, there is growing interest in producing 

boron-doped carbon nanotubes and nanofibers via CVD.  Schouler et al.27 attempted to 

obtain tubular CXB (x ≥ 3) filaments via atmospheric pressure CVD using benzene, BCl3 

and H2 gas with nickel powder as a catalyst.  Instead of a tubular structure, the resulting 

filaments had whisker-like shapes and a composition of 50-70 at.% B as determined by 
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EELS.  Using a similar CVD process, Koh and Nakajima28 obtained boron-substituted 

carbon filaments, CXB, having C/B ratios from 4 to 58.  These researchers found that the 

boron composition decreased as the deposition temperature was increased from 800˚ to 

1100˚C.  All the previous studies show that by CVD method it is possible to produce 

boron-doped carbon with high boron concentration (≥10 at.%) in the form of nanotubes 

and nanofibers.   

 

Based on the earlier work done on CXB film in our lab,14 the catalytic CVD process is 

used to produce boron-doped carbon nanotubes and nanofibers having high boron 

concentrations.  We obtained the deposits in the form of nanotubes and nanofibers 

having a boron concentration up to 18 at.%.  The objective of the present work is to 

study the boron content as a function of the synthesis conditions and to identify the 

chemical environments of boron in carbon.  Since the products are nano-scale material, 

X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) are 

employed to ascertain the chemical states of boron and carbon in the boron-doped carbon 

nanofibers. 
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5.2  Background 

5.2.1 XPS Studies on Boron-Carbon Materials 

XPS is one of the few techniques that can be used to identify the local chemical 

environment of boron in carbon.  Previous studies investigating boron-carbon materials 

by means of XPS revealed that both B1s and C1s spectra include several different chemical 

environments.  Table 5.1 is a summary of the literature assignments for the components 

of the B1s and C1s spectra on boron-carbon materials.  The boron-carbon materials 

include elemental boron, pure graphite, B4C, and boron-doped sp2 carbon (up to ~30 at.% 

B) in both film and filament form.   

 

The survey given in Table 5.1 is summarized below. 

1. In the B1s spectra, the oxide-related species are observed above 189.5 eV, and the 

possible bindings are BC2O, BCO2, and B2O3.  Both B-C and B-B peaks are 

identified in the 186-189 eV binding energy region.  B-C peaks have two possible 

environments: the B4C state and the graphitic state (a bond where boron atoms 

substitute for the graphitic carbon atoms).  

2. In the C1s spectra, the oxides occur at high binding energies above ~285 eV.  C-B 

bonds, both in the B4C state and the graphitic state, are identified in the 282-283.5 eV 

region.  C-C bonds are observed in ~284-285 eV.  There is a small drop (~0.5 eV) 

in the C-C binding energy in B-doped carbon material compared to that of undoped 

graphite because boron doping decreases the Fermi level of the host carbon.  
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 Table 5.1 Summary of the Literature Assignments for the Components of the B1s and C1s XPS Spectra 
B1s (eV) C1s (eV)  

Materials 
 
Refs. B-C B-B Oxide-related C-B C-C Oxide-related 

B4C 
crystal 29 

B4C  188.0  BC2O  189.7 
BCO2  191.4 
B2O3   192.9 

 B4C “sp3-like hybridized” 283.7 
 B4C “sp2-like hybridized” 281.8 

Graphite 
284.5 

 

B4C  
thin film 30 B4C  188.4  192.0 , 

193.2 
B4C  282.5 Polymeric 

284.7 
C-O 285.7, 287.1 
C=O  288.5 

B4C 
coatings 31 

B4C  188.4  191.4 B4C  283.5 Aliphatic 
284.5 

286-288 

B4C  
thin film 32 B4C  186.5  Elemental B 

 188 
 B4C  283   

284.5 
 

  B4C thin film 
33 

 B4C  188.4 pure B film 
187.9 

> 190  B4C  282.5 
 C bonded to one/two B  284.0 

 Amorphous C 
 284.9 

 

 B4C film 34 B4C  188.6   B4C  282.8 

 

 oxy-boron carbide 
283.8 

 BXC1-X films 
  (0-15% B) 16 

B4C  187.5 
graphitic 
188.5 

 BC2O  190.5 
BCO2  192.0 
B2O3   193.2 

   

 B-containing    
 pyrocarbon  
 (up to 33%B)  

35 
B4C  187.8 
graphitic 
188.8 

Elemental B  
187.0 

BC2O  190.0 
BCO2  192.0 
B2O3   193.2 

B4C  282.6 

 

sp2 graphitic 
284.0 

 

 BC compounds 
  (3-19% B) 36 

B substitute 
graphitic C  
187.6, 188.7 

B-B in-plane 
 186.5 

>189.5  sp2 graphitic 
284.2 

 

B-doped C films 
 (6-23% B) 37 

B substitute 
graphitic C  
188.1 

  C-B  282.6 sp2 graphitic 
283.8 

 

BCX filaments 
(up to 20%B)  28 

B-B-C2 in 
plane 
188.6 

 BC2O  190.6 
BCO2  192.7 

C-B  283.0 sp2 graphitic 
284.0 

285.5, 288.5 
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5.2.2 AES Studies on Boron-Carbon Materials     

AES employs electron irradiation in order to produce Auger emissions with electron 

beams that can focus to a very small diameter.  The spatial resolution for chemical 

surface analysis of an Auger microprobe may be as small as 2 nm in diameter.38  AES is 

highly sensitive to light elements (Z≥3), and can be used to detect concentrations as low 

as 0.1 at.% of an element.  Combined with scanning electronics for imaging, AES is an 

ideal tool to identify compositional variations and local electronic structures of nano-

scale materials.   

 

A change in chemical bonding results in a change in the wavefunction of the valence 

electron states involved.  The shape of the Auger line, when the Auger transition 

involves valence band electrons, reveals this wavefunction change.  Previous AES 

results have shown that the boron line shapes do not change appreciably when going from 

elemental B to B4C.39,40  On the other hand, carbon line shapes change appreciably with 

changes in carbon hybridization.41  A comparison of the fine structures of the carbon 

Auger line shapes from diamond, graphite, and amorphous carbon is given in Figure 

5.1.42  The manifest differences between the carbon Auger spectra for diamond and 

graphite have been reported to be a consequence of the different valence density states of 

diamond (sp3-hybridized with only σ states) and graphite (sp2-hybridized with both σ and 

π states).43  In the amorphous carbon Auger signal, there is a loss of fine structure at 

~258 eV, which corresponds to a “smearing-out” of the valence band structure.  AES 

spectra from carbides yield the characteristic triplet of ‘carbidic carbon’ line shape; thus 

differences between graphitic and carbidic line shapes can be clearly distinguished.38,44  
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However, the shapes of both boron and carbon lines are not dependent on the 

stoichiometry of the boron carbide samples (B9C to B4C).40 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. Fine structures of the carbon Auger spectra from diamond, graphite, and 
amorphous carbon.42  The main peaks have been aligned with the diamond main peak 
position at 268 eV.  This graph shows evolutions of the two shoulder positions at ~248 
eV and ~258 eV for all three carbon materials. 
 

graphite 

amorphous 
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diamond 

220 240 260 
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5.3  Experimental Procedures 

5.3.1 Synthesis of Carbon and Boron-doped Carbon Nanofibers 

The synthesis of carbon and boron-doped carbon samples was carried out in a flow 

system.  The materials were deposited on fused quartz substrates coated with a pure 

nickel film, 3-5 nm thick.  The nickel film was coated using a high vacuum thermal 

evaporator.  The reactor included a fused quartz tube in a horizontal tube furnace.  The 

substrates were placed in the 10 cm long central isothermal zone of the reactor.  BCl3 

and C6H6 were used as reactants.  The BCl3 flow rate was controlled by a mass flow 

controller, and C6H6 vapor was introduced into the reactor by means of hydrogen gas.  

The flow rate of C6H6 was calculated according to its partial pressure in the saturator 

maintained in an isothermal water bath at the applied hydrogen flow rate.  Results show 

that the deposition temperature and the partial pressure ratio BCl3/C6H6 are two factors 

that appreciably influence the structure and boron content of the resulting deposits.  

Therefore, further experiments were carried out under temperatures between 750˚C and 

900˚C and partial pressure ratio BCl3/C6H6 of 2, 1, and 0.5.  After deposition, all 

samples were annealed at 900˚C for 20 hours under 93.5kPa UHP He. 

 

5.3.2 XPS and AES 

XPS was undertaken using a PHI Quantera Scanning X-ray Microprobe with Al Kα 

(1486.4 eV) X-ray irradiation under high vacuum (10-9 Torr).  Sputter-cleaning of the 

sample surface was achieved by a 4-kV Ar+ beam.  Boron powder (Alfa Aesar, 99.99% 

metals basis), B4C powder (Alfa Aesar, 99+% metals basis), and HOPG (SPI Supplies, 
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>99.99%) were used as reference materials for the binding energy of the C1s and B1s 

peaks.  The atomic concentration of element X is given by: 

%X = 100% × [(IX /SX) / Σ(Ii /Si)]                   (5.1) 

where IX is the measured intensity of photoelectron peaks and SX is the corrected 

sensitivity factor for the element X peak calculated by MultiPak software from ULVac-

PHI Inc. 

 

The Auger analysis was carried out using a Schottky field emission gun PHI 680 

Scanning Auger Nanoprobe (SAN), equipped with a cylindrical mirror analyzer (CMA).  

The accelerating voltage of the incident electron beam was 3 kV with a current of 10 nA.  

The samples were transferred to the vacuum chamber (3×10-10 Torr) and then sputtered 

using a 3.5-kV Ar+ beam to remove surface species.  The boron and carbon KLL Auger 

electron intensities were measured, and the samples were further sputtered until Auger 

signals were independent of sputter time.  The bulk B4C powder (assuming it is 

stoichiometric) was used as a standard sample, to obtain the related sensitivity factors and 

thereby determine the compositions of the samples.45  The systematic error in the 

reported compositions is estimated to be less than 10%.   
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5.4  Results and Discussion 

5.4.1 Chemical Compositions of Boron-doped Carbon Nanofibers 

The chemical compositions of boron-doped carbon nanofibers determined by XPS and 

AES analysis, as well as the deposition reaction parameters, are listed in Table 5.2.  

Group I samples are produced by changing the partial pressure ratio BCl3/C6H6 from 0.5 

to 2, and samples of Group II are produced by changing the deposition temperature from 

750˚C to 900˚C.  All the boron-doped nanofiber samples consist of boron, carbon, and 

oxygen.  Boron to carbon ratios, B/C, are similar in data obtained both by XPS and 

AES.  Table 5.2 shows that boron concentrations in the products strongly depend on 

applied reaction parameters, i.e., deposition temperature and partial pressure ratios of 

BCl3/C6H6.  Boron concentrations of nanofibers increase with an increase in the partial 

pressure ratio of BCl3/C6H6.  Nanofibers having the highest boron concentration (18.4 

at.%B by AES) are obtained using BCl3/C6H6=2 deposited at 800˚C for 30min.  Boron 

concentrations of nanofibers as a function of deposition temperature are given in Figure 

5.2.  Boron concentrations of nanofibers reach a maximum value at 800˚C, and then 

decrease with increasing deposition temperature from 800˚C to 900˚C.  The optimum 

temperature to obtain a high boron content sample is ~800˚C. 

 

Nakajima and Koh28,46 studied the synthesis of nitrogen-doped and boron-doped carbon 

systems, CXN and BCX, by CVD using a nickel catalyst at 800-1200˚C.  A relationship 

between nitrogen concentration and deposition temperature was reported in that nitrogen 

content reaches its highest level around 900˚C, then drops with increasing deposition 

temperature.   In their study of BCX filaments,28 Nakajima and Koh also found that  
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Table 5.2  Chemical Compositions of Boron-doped Carbon Nanofibers by XPS and AES Analysis 

Flow rate and Partial Pressure XPS Analysis AES Analysis Sample 
No. Material 

Deposition 
Temp. & 

Time 
  Total flow 
Total pressure BCl3:C6H6 : H2 

B 
at.% C at.% O at.% B/C 

ratio B at.% C at.% O at.% B/C 
ratio 

B/O 
ratio 

I-1 CXB 
nanofibers 

800˚C  
30min 

65 cc/min 
93.5 kPa 

10: 10: 45 10.7 86.1 3.2 0.12 13.3 84.6 2.1 0.16 6.3 

I-2 CXB 
nanofibers 

800˚C  
30min 

65 cc/min 
93.5 kPa 

10: 5: 50 14.8 80.2 5.0 0.19 18.4 78.5 3.1 0.22 5.9 

I-0.5 CXB 
nanofibers 

800˚C  
30min 

65 cc/min 
93.5 kPa 

10: 20: 35 10.3 86.8 2.9 0.12 10.1 88.6 1.2 0.11 8.4 

II-750C CXB 
nanofibers 

750˚C  
30min 

60 cc/min 
93.5 kPa 

10: 17: 33 3.2 95.7 1.1 0.03 6.3 92.2 1.5 0.07 4.2 

II-800C CXB 
nanofibers 

800˚C  
30min 

60 cc/min 
93.5 kPa 

10: 17: 33 7.5 90.9 1.3 0.08 11.3 87.7 1.0 0.13 11.3 

II-850C CXB 
nanofibers 

850˚C  
30min 

60 cc/min 
93.5 kPa 

10: 17: 33 6.3 93.0 0.7 0.07 8.4 91.0 0.6 0.09 14 

II-900C CXB 
nanofibers 

900˚C  
30min 

60 cc/min 
93.5 kPa 

10: 17: 33 4.8 94.7 0.5 0.05 4.8 94.9 0.3 0.05 16 

A* 
CXB film 750˚C   

8h 
35 cc/min 
93.5 kPa 

4: 4: (He) 27 7.7 91.4 0.9 0.08 11.2 87.0 1.8 0.13 6.2 

B* Carbon 
nanofibers 

800˚C  
30min 

65 cc/min 
93.5 kPa 

0: 10: 55 -- 97.5 2.5 -- -- 97.2 2.8 -- -- 
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Figure 5.2. Boron concentration of nanofibers of Group II as a function of the deposition 
temperature. 
 
 

boron concentration decreased with an increase in the deposition temperature from 800˚ 

to 1100˚C.  The researchers explained that the difference in bonding lengths between C-

C and C-B or C-N would cause an in-plane structure strain that would be diminished by 

temperature rise because of the release of boron or nitrogen atoms.  However, the reason 

that nitrogen concentration increases with increasing deposition temperature from 800-

900˚C was not revealed in their study.   

 

In the structure study on boron-doped nanofibers, we found that the nano-structure of 

samples deposited at 750˚C is different from the structure of samples deposited at 

temperatures higher than 800˚C.  Figure 5.3 shows the structures of samples deposited 

at 750˚C and 800˚C.  The nanofibers deposited at 750˚C have a core of platelet stacking  

XPS  
analysis 

AES  
analysis 
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Figure 5.3. High-resolution TEM images of platelet and herringbone or tubular 
nanofibers. (a) A nanofiber having a platelet stacked core and 6 at.% boron (BCl3/C6H6-
10/17, 750˚C).  (b) A nanofiber having a herringbone core and 10 at.% boron 
(BCl3/C6H6-10/20, 800˚C). 

10 nm 

(a) 

(b) 

10 nm 
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with an interlayer spacing of 3.35 Å, the same as that of perfect graphite structure.  The 

nanofibers deposited at 800˚C have a core of herringbone stacking with an interlayer 

spacing of 3.37 Å.  As shown in Figure 5.3 (a), the platelet stacked carbon is of a 

significantly higher order, similar to perfect graphite stacking.  These results show that a 

high content of any impurity should not be included in the platelet carbon structure via a 

non-equilibrium reaction growth.  Studies of catalytic carbon nanofiber growth reveal 

that low temperatures favor the growth of platelet stacking while high temperatures favor 

tubular stacking.47  These stacking types are correlated with the nature of the catalyst 

particles, such as their softening temperature and surface free energy.  Further 

discussion of the growth mechanism of boron-doped nanofibers and the correlation 

thereon with the stacking type as a function of the nature of the catalyst particles follows 

in Chapter 6.  The change in boron concentration at low temperatures is also related to 

the stacking structure of the nanofibers.  

 

Our experiments show a slight discrepancy in the data obtained by XPS and AES.  The 

boron concentrations are 2-4 at.% higher and the oxygen concentrations are 1-2 at.% 

lower as detected by AES than those values detected by XPS.  The analytical volume of 

the two techniques can explain this difference.  XPS and AES are both surface 

chemistry analysis techniques with a sampling depth in the same range of 5-50 Å.  The 

electron beam size of the Auger microprobe can be less than 10 nm, whereas the 

minimum X-ray beam size of the XPS is 9 µm.48  The diameters of the nanofiber 

samples observed under the microscope are in the range of 50-300 nm.  Thus, the Auger 

microprobe can easily be focused on a single nanofiber, while detection by XPS contains 
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information from the surface species over a much broader area.  A later study on atom 

distribution suggests that boron concentration on the surface is lower than that in the 

core.  Therefore, we conclude that AES data are the most representative of the actual 

specimen compositions. 

 

The relative oxygen contents as detected by both XPS and AES are similar, in the range 

of 0.3-5.0 at.%.  In order to clarify the relationship between boron content and oxygen 

content, B/O atom ratios in the samples as measured by AES are listed in Table 5.3.  

B/O ratios change little with variations of reactant ratios of BCl3/C6H6, but increase 

significantly with a rise in deposition temperatures between 750˚C and 900˚C.  At high 

temperatures, boron atoms are free from oxygen, i.e. more that 95% boron atoms would 

not bond with oxygen atoms.  It indicates that oxygen atoms are physisorbed in the 

samples.  Bonding information will be discussed in the following section where the peak 

positions of carbon and boron XPS peaks and carbon and boron Auger line shapes will be 

examined. 

 

Oxygen content is introduced into the system in two ways.  First, when the samples are 

exposed to air, oxygen reacts with the boron species existing at the edge of the graphene 

layer, which explains why oxygen exists mostly on the surfaces of the samples.  Second, 

oxygen may have originated from the fused quartz substrates.  No silicon signal is 

detected by either AES or XPS, but it is detected using high resolution TEM/EDS.  

Table 5.3 shows the atom ratios determined by high resolution TEM/EDS in boron-doped 

carbon nanofibers.  The samples have a small concentration of silicon, with ratios less 
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than 0.06 Si/C.  The atom ratios are detected in a different morphology, i.e., the tip or 

the stem on a nanofiber.  Si/C ratios are higher at the tip of the nanofibers than the ratios 

detected at the stem.  O/Si ratios are lower than 2 (note that O/Si in quartz is 2) at the tip 

of the nanofibers, but higher than 2 at the stem.  These results enable us to speculate that 

the quartz substrate (SiO2) participates in the reaction when the nanofibers originate on 

the substrate surface; thus, a very small partial pressure of oxygen is evolved around the 

substrate surface area as a result of the non-equilibrium reaction between BCl3, H2 and 

quartz.    

   

Table 5.3 Atom Ratios of Boron-doped Nanofibers by AES and TEM/EDS Analysis 
 

AES Analysis TEM-EDS Analysis  
Sample B/C ratio B/O ratio Si/C  ratio O/Si  ratio 

I-1 0.16 6.3 tip: .01- .04 
stem: < .01 

tip: 1.2 - 2.3 
stem:  3-10 

I-2 0.22 5.9 N/A N/A 
I-0.5 0.11 8.4 N/A N/A 

II-750C 0.07 5.2 .01- .02 tip: 1.8 
stem: 3.4-5.7 

II-800C 0.13 11.3 tip: .03- .06 
stem: ≤ .01 

tip: 0.9-2.0 
stem: 4.9-8.7 

II-850C 0.09 14 tip:  .01- .04 
stem: < .01 

tip: 2.3-3.6 
stem: 4.8-6.2 

II-900C 0.05 16 tip: .03- .05  tip: 1.0-3.3 

Pure C 
nanofibers N/A N/A < .01  2.9-3.4 
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5.4.2 Chemical State of B and C in Boron-doped Carbon Nanofibers 

The C1s and B1s XPS spectra of boron-doped carbon nanofibers are shown in Figure 5.4 

and Figure 5.5.  These spectra were taken after sputter-cleaning the sample surface.  In 

the C1s spectra, the binding energies for the boron-doped carbon nanofibers are in the 

range of 283.2-283.8 eV.  Pyrolitic carbon and B4C are used as references.  The C1s 

binding energies of pyrolitic carbon and B4C are 284.6 eV and 282.8 eV, respectively.  

The peak positions and line shapes of the samples are independent of the deposition 

parameters, i.e., reactant ratios and deposition temperatures.  Compared to the reference 

materials, the peak shapes and the full-width half-maximum (FWHM) of the C1s peaks 

from the boron-doped carbon nanofibers are similar to the peaks from the pyrolitic 

carbon.  However, the peak positions of all samples are 0.8-1.4 eV lower than the peak 

position of the graphite.  Boron atoms incorporated in graphite would be expected to 

lower the Fermi level of the host material because of the electron deficiency of the boron 

atom.7  As predicted, a downshift of the carbon binding energies is observed in the C1s 

spectra. 

 

In the B1s spectra, binding energies from the boron-doped carbon are in the range of 

187.7-188.3 eV, and those from amorphous boron and B4C are 187.5 eV and 188.0 eV, 

respectively.  In addition, the peak positions and line shapes are independent of the 

deposition parameters.  The B1s peaks from the samples have long tails at the high 

energy side that is correlated with the small amount of oxide-related species either on the 

surface or in the body (≤ 3at.% O by AES).  Because of the low signal-to-noise ratio in 
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the B1s spectra due to the low boron concentration (≤18 at.% B), it is difficult to analyze 

the line shapes and the slight peak shift from the boron-doped nanofibers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. The C1s and B1s XPS spectra of boron-doped carbon nanofibers deposited 
at reactant partial pressure ratios of BCl3/C6H6 between 0.5 and 2.  Pyrolitic carbon, 
amorphous boron, and B4C are used as the reference materials.  
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Figure 5.5 The C1s and B1s XPS spectra of boron-doped carbon nanofibers deposited at 
temperatures between 750˚C and 900˚C. 
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The C KVV and B KVV Auger spectra of boron-doped carbon nanofibers are given in 

Figure 5.6 and Figure 5.7.  Qualitative information about the bonding of the carbon 

atoms in the samples is achieved by analysis of line shapes of the C KVV Auger transition.  

The carbon spectrum from B4C has the characteristic triplet of a ‘carbidic carbon’ line 

shape.  The carbon atoms in B4C are sp3 hybridized; thus a high shoulder appears at 264 

eV, similar to the C KVV Auger spectra from diamond.42  The carbon spectrum from 

pure carbon nanofibers has a low shoulder at 264 eV, corresponding to the graphitic (sp2 

hybridized) carbon atoms.  Comparison of the two shoulder positions at ~253 eV and 

~264 eV reveals that the carbon line shapes of boron-doped carbon nanofibers are similar 

to the line shape of graphitic (sp2) carbon.  The line shapes of C KVV Auger spectra 

from all samples are similar with no dependence on the chemical composition.  Clearly, 

carbon atoms in the boron-doped nanofibers are sp2 hybridized in both C-C and C-B 

bonds. 

 

In the B KVV spectra, the main peaks from Group I samples deposited at a reactant ratio 

(BCl3/C6H6) from 0.5 to 2 are at the same position, i.e., ~182 eV, similar to the boron 

peak position of B4C.  However, the B KVV line shapes from Group II samples 

deposited at temperatures from 750 to 900˚C show a dependence on the deposition 

temperatures.  With increasing deposition temperature, the peak around 182 eV of the 

sample deposited at 750˚C splits into two peaks at 180 eV and 186 eV, and the relative 

intensity between the two peaks also changes.  There is very little literature addressing 

the B KVV line shapes, so it is difficult to explain the evolution of the B KVV spectra 

caused by the increase in deposition temperatures.   
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The bonding of boron atoms in the samples may be deduced by reviewing the bonding 

information derived from the C1s and B1s XPS spectra and the C KVV Auger line shapes.  

First, B-C bonding in B4C state can be excluded because there is no characteristic triplet 

of ‘carbidic carbon’ line shape in the C KVV Auger spectra; thus, B-C bonding is in an 

sp2 hybridized state.  Possible boron sp2 hybridized states include B2-BC, B-BC2 and 

BC3.  Among the three structures, B2-BC bonding is the most unstable because the B-B 

bonding length is larger than C-C and may easily introduce in-plane strain.  The B1s 

XPS peaks in the range of 187.7-188.3 eV are assigned to the combination of B-BC2 and 

BC3 states.  Second, the B-O bonding can be excluded in the boron-doped carbon 

nanofibers because of the very low oxygen content (≤3 at.% O by AES).  The B/O atom 

ratios are given in Table 5.3.  For Group II samples, B/O ratios are greater than 10 when 

the deposition temperature is higher than 800˚C.  Finally, the third possible state is B-B 

bonding, indicative of a small boron cluster in the deposit.  With an increase in the 

deposition temperature, boron concentrations in the nanofibers decrease, and the main 

peak of the B KVV Auger spectra (~182 eV) splits into two peaks at 180 eV and 186 eV.  

Considering that amorphous boron has a B KVV peak at the position of 186 eV, as shown 

in Figure 5.6, we can reasonably assume the peak at 186 eV is a small boron atom cluster, 

which exists at the edge of the graphene layers or as an interstitial species between the 

graphene layers.  This may contribute to disorder/strain within the nanofiber structure.     
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Figure 5.6. The C (KVV) and B (KVV) Auger peaks of boron-doped carbon nanofibers 
deposited at reactant partial pressure ratio, BCl3/C6H6, between 0.5 and 2.  Pure 
carbon nanofibers, amorphous boron, and B4C are used as the reference materials. 
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Figure 5.7. The C (KVV) and B (KVV) Auger peaks of boron-doped carbon nanofibers 
deposited at temperature between 750 and 900˚C.   
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5.5  Conclusions 

The boron concentrations of the boron-doped carbon nanotubes and nanofibers are in the 

range of 5-18 at.%.  The boron concentration of the nanofibers deposited at 800˚C with 

reactant ratio BCl3/C6H6 = 2 as measured by AES is 18 at.%.  Boron content increases 

with an increase in BCl3/C6H6 from 0.5 to 2.  Boron content in the deposits reaches a 

maximum at the deposition temperature of 800˚C, and then decreases from 800˚C to 

900˚C.  The optimum temperature to obtain a high boron content is around 800˚C.  

XPS and Auger analyses suggest that the C-B bonding is sp2 hybridized and includes B-

BC2 and B-C3.  The concentration of B-O bonds in the material is very low, and the 

primary contribution of oxygen arises from physisorbed species.  Small clusters of 

boron atoms may be present in the nanofibers deposited at high temperatures that 

contribute to disorder/strain within the nanotube and nanofiber structure.   
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6   Structure and Structure-related Chemistry of Boron-doped 

Carbon Nanotubes and Nanofibers 
 

6.1  Introduction 

Carbon nanotubes and nanofibers are graphitic filaments with diameters in the range of 

0.4 to 500 nm and lengths in the range of several microns to millimeters.1  Via a catalytic 

CVD process, carbon nanotubes and nanofibers can be grown by the diffusion of carbon 

through a metal catalyst, and subsequent precipitation as graphitic filaments.2-4  There are 

three identified structural types of graphitic filaments based on the angle of the graphene 

layers with respect to the filament axis,5,6 i.e., platelet stacked, herringbone stacked (or 

cup-stacked), and tubular stacked, as shown in Figure 6.1. 

 

It can be seen that the carbon layers are perpendicular to the filament axis in the platelet 

stacked form (Figure 6.1(a)), the carbon layers are at an angle to the filaments axis in the 

herringbone form (Figure 6.1(b)), and tubular carbon layers are parallel to the filament 

axis in the tubular form (Figure 6.1(c)).  The herringbone form is a transition form from 

the point of the angle to the filament axis.  In the common practice today, researchers 

classify the platelet stacked and the herringbone forms of graphitic filaments under the 

nomenclature of  “nanofibers”; whereas, they describe the tubular stacked form as 

“nanotubes”.  In our work, we will keep these terminologies because the nanotube 

structure has unique properties that distinguish it from the nanofiber structure.  With 

carbon layers parallel to the filaments axis, nanotubes would adopt several important 

properties of carbon layers, such as high electrical conductivity, thermal conductivity, 
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and mechanical strength along their axis.  Nanotubes are also very inert and chemically 

stable due to very few open edges and dangling bonds in the structure compared to 

nanofibers.   

 

 

 

 

 

 

 

 

Figure 6.1. The three structural types of carbon filaments, classified by the angle of 
graphene layers with respect to the filament axis.  (a) platelet stacked, (b) herringbone, 
and (c) tubular.  Adapted from Rodriguez et al.5 
 

Boron-doped carbon nanotubes and nanofibers have been synthesized via a catalytic 

CVD method, as described in Chapter 4.  We use X-ray powder diffraction and Raman 

spectroscopy to characterize the crystal structures of the as-deposited products, and use 

high-resolution transmission electron spectroscopy (TEM) to analyze the structures of the 

product at the nanometer scale.  Nanofiber structure (i.e. platelet and herringbone 

stacked) is the primary structure in the products, so in most cases we use the term 

nanofiber for the general deposited products.  There is an interest in the analysis of boron 

concentrations and locations as a function of these structures.  For this reason, a 

combination of Z-contrast imaging and electron energy loss spectroscopy (EELS) 

conducted in the scanning transmission electron spectroscope (STEM) is used to 
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characterize the structure-related chemistry, i.e., the structure and chemistry on the 

atomic level. 

 

6.2  Experimental Procedures 

6.2.1 X-Ray Diffraction 

X-ray diffraction data are collected using a Siemens/Bruker D500 diffractometer 

equipped with a 1˚ divergence slit, a 0.05˚ receiving slit, a graphite monochromator, and 

a scintillation detector.  The Cu Kα X-ray source (Cu Kα1 λ=1.54056Å) is used at 40 kV 

and 30 mA.  Diffraction patterns from the samples as-deposited on the fused quartz slides 

are collected in a step-scanned mode, with an interval of 0.02˚ 2θ, and a dwell time of 10 

sec/step at room temperature.  The NIST SRM 640b silicon7 is used as the external 

standard to calibrate the peak position, and account for systematic line broadening.  The 

XRD patterns are analyzed using Jade 7 software (Materials Data Inc, 2004). 

 

The interplanar spacing of d002 is calculated using Bragg's law.  Crystallite size Lc is 

calculated using the Scherrer equation: 8 

Lc = kλ / βcosθ                                                     ( 6.1 )  

where k is the Scherrer constant taken as 0.9,9 and β is the corrected FWHM value in 

radians.  The corrected FWHM value, β, is the true FWHM without instrumental 

broadening, determined by the following: 

! 

" = "
obs

2 # "
std

2                                                 ( 6.2 ) 
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where βobs is the observed FWHM value in radians, and βstd is the value of silicon in 

radians.  The (002) reflection is used to obtain an average crystallite height, Lc.  

 

6.2.2 Raman Spectroscopy 

The Raman spectra of samples are acquired using a Renishaw System 1000 Raman 

spectroscope, equipped with a Leica DMLM integral microscope.  Radiation of 632.8 nm 

from a 25 mW air-cooled He-Ne laser (Renishaw) is used for excitation.  Raman 

scattering is collected with a 50x, 0.75NA dry objective.  A silicon wafer with a Raman 

band at 520 cm-1 is used to calibrate the spectrometer to a spectral accuracy approaching 

1cm-1.  The spectra are recorded in an air atmosphere at room temperature. 

 

6.2.3 High-resolution TEM 

High-resolution electron microscopy is performed with a Hitachi HF-2000 Cold Field-

emission Eelectron Microscope (FE-TEM).  The accelerating potential is 200 kV, and no 

coating is used. 

 

6.2.4 Electron Energy-Loss Spectroscopy (EELS) combined with Z-contrast imaging 

EELS measurements are carried out with a Gatan 678 imaging filter attached to a Philips 

CM200-FEG TEM/STEM microscope.  With a 200 keV field-emission gun, this 

microscope provides an electron probe of ~1 nm.  Z-contrast images are obtained and 

used to position the electron probe for EELS measurements.  The EELS line scan 

technique is employed with a step size of 2 nm/step.  
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The peak integration intensity over the energy window of element X, IX, is used for EELS 

quantification analysis:10 

! 

I
X
(",#,$,E

0
) = I

ZL
% &
X
(",#,$,E

0
) % n
X
% t                           ( 6.3 ) 

where α is the convergence semi-angle of incident beam, β is the collection semi-angle of 

scattered electrons, Δ is energy window width, E0 is incident beam energy, IZL is elastic 

zero loss peak intensity at 0 eV energy loss, σ is atom partial ionization cross-section 

which is a function of α, β, Δ and E0, nX is atoms per unit volume, and t is specimen 

thickness.  According to the integrated intensity over the energy window of boron and 

carbon, the B/C atom ratio is determined by: 

! 

n
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n
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C

#
B

                                                      ( 6.4 ) 

where σC and σB  are the carbon and boron atom partial ionization cross-sections, 

respectively. 
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6.3  Results and Discussion 

6.3.1 Structure Analysis of Boron-doped Carbon Nanofibers 

6.3.1.1 X-ray Diffraction Studies  

All the XRD patterns for the boron-doped carbon nanofibers exhibit only 00l peaks.  In all 

instances the 002 reflection is observed, and in some case the 004 peak is discernable, but 

weak.  This suggests that preferred orientation effects are present in all samples due to the 

basal sheet-like structure of graphite-like crystalline structures; this is also observed in 

boron-doped carbon films.11  Therefore, XRD only provides information pertaining to the 

002 peak position and shape.  Figure 6.3 and Figure 6.4 show the XRD patterns of boron-

doped carbon nanofibers in the range 23-30˚ 2θ.  Table 6.1 lists the calculated results and 

their accuracies of interlayer spacing (d002) and average crystallite height size (Lc) from 002 

peaks of the samples.  The calculation of accuracies of d002 and Lc were described in 

Chapter 2. We recognize that Lc should be reported only to ±2 nm.  Boron concentrations 

determined by AES are also given in Table 6.1.   

 

In the sample Group I, d002 and Lc change little with the reactant ratio BCl3/C6H6, or boron 

concentration in the samples.  However, for sample Group II, d002 and Lc are correlated with 

the deposition temperature.  The interlayer spacings increase from 0.3343-0.3397 nm, and 

crystallite height sizes decrease from 17.3-5.8 nm with an increase in deposition 

temperatures from 750-900 ˚C.  Lower d002 and larger Lc indicates improved crystallization 

along the hexagonal c-axis.12,13  Compared to d002 and Lc of the boron-doped carbon film, 

all the boron-doped carbon nanofiber samples have a lower d002 and a larger Lc.  This 

suggests that boron-doped carbon nanofibers are better crystallized than the films along the 

c-axis in the layered structure.   
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Figure 6.2. XRD patterns of boron-doped carbon nanofibers deposited with the reactant 
ratios BCl3/C6H6 = 0.5, 1, and 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. XRD patterns of boron-doped carbon nanofibers deposited at temperatures of 
750˚C, 800˚C and 850˚C. 
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Table 6.1  XRD Analysis of Boron-doped Carbon Nanofibers 

Samples a  B at.% 
by AES 

 2θ  (002) 
 (degree) 

  d002 
  (nm)  

FWHM (002) 
   (degree) 

Lc(002) 
(nm) 

I-2 18.4% 26.46 (0.02) 0.3366 (0.0005) 1.217 (0.025) 8.3 (2) 

I-1 13.3% 26.44 (0.02) 0.3368 (0.003) 1.104 (0.016) 9.1 (2) 

I-0.5 10.1% 26.47 (0.02) 0.3365 (0.0003) 1.250 (0.012) 8.1 (2) 

II-750C   6.3% 26.64 (0.02) 0.3343 (0.0003) 0.631 (0.010) 17.3 (3) 

II-800C 11.3% 26.52 (0.02) 0.3359 (0.0003) 0.902 (0.015) 11.4 (2) 

II-850C   8.4% 26.21 (0.02) 0.3397 (0.0003) 1.590 (0.011)  5.8 (2) 

A 
(CXB film) 

11.2% 26.20 (0.02) 0.3399 (0.0003) 3.148 (0.001) 3.0 (2) 

a  The synthesis conditions of samples are described in Appendix A. 
 

Note that sample II-750C has an interlayer spacing (d002=0.3343 nm) that is even lower 

than the interlayer spacing of well-crystallized graphite, SP-1 (d002=0.3355 nm).14  SP-1 has 

been referenced as a standard for well-crystallized graphite with a crystallite size of more 

than 1000 nm.15  So what causes the very low d002 of sample II-750C?  A reasonable 

explanation is that a strain caused by a uniformly compressive stress in the structure leads 

to a peak shift to the higher 2θ, i.e., a smaller lattice parameter.  More proof of the strain in 

sample II-750C will be visually observed from the real space structure characterization 

using high-resolution TEM present in Section 6.3.1.3.   

 

The crystal strain ε along c-axis parallel to the tube axis for Sample II-750C can be 

calculated by: 

ε = Δd / d0                                                             ( 6.5 ) 
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where d0 is the equilibrium interlayer spacing for a boron-doped carbon structure, and Δd 

is the difference in the interlayer spacing induced by the stress, respectively.  We use the 

interlayer spacing of boron-doped carbon film (sample A) as d0 since the film are 

synthesized under an approximately equilibrium condition.  The stress, σ, along the c-axis 

can be calculated by: 

σ = ε⋅E                                                              ( 6.6 ) 

where E is elastic modulus (36.5 GPa)16 of the inter-graphite networks, which is 

perpendicular to the direction of covalent bonds.  Hence, the calculated strain and stress 

of sample II-750C are 1.6 % and 0.58 GPa, respectively. 

 

In summary, XRD analysis reveals that boron-doped carbon nanofibers are highly 

orientated, and possess a graphite-like structure.  The interlayer spacings, d002, range from 

0.3343 to 0.3397 nm, while the crystallite sizes, Lc (002), range from ~5 to 20 nm.  The 

interlayer spacings increase, and crystallite sizes decrease with increasing deposition 

temperatures.  Additionally, strains occur in the samples, and ultimately lead to a small 

lattice parameter, d002, relative to pure, well-crystallized graphite. 

 

6.3.1.2 Raman Spectroscopy 

Raman spectroscopy is an effective method for studying structures of different carbon 

materials, including carbon nanofibers and nanotubes.17-20  It is well known that carbon 

has two forms of crystalline structures, diamond and graphite, and a wide range of 

disordered forms.  The Raman spectrum of a face-centered cubic (FCC) lattice of 

diamond is quite simple.  The Raman-active phonon of diamond is a single, triply 



 6-10 

degenerate zone-centered vibrational mode, which is characteristic of the C–C single 

bonds between sp3-carbon atoms in its cubic structure.  The Raman spectrum of diamond 

exhibits only one sharp band at 1332 cm-1.21  The Raman spectrum of graphite is more 

complicated.  In the case of hexagonal crystal graphite, the first order Raman spectrum 

consists of a very strong, high-frequency, in-plane stretching mode (E2g
2 or G-band) at 

1582 cm-1 and a weaker, low-frequency, shear mode at 42 cm-1 (E2g
1).21,22  When disorder 

is introduced into the graphite structure, the existing bands broaden, and additional bands 

are found at about 1360 cm-1 (D-mode) and 1620 cm-1 (D′-mode), which are attributed to 

disorder-induced Raman activity of zone boundary A1g phonons.23,24  In the rather small, 

or disordered crystals with very little three-dimensional order, the G- and D′-bands merge 

into a single broader feature.  The line broadening, especially the broadening of the G-

band, is related to disorder within the carbon sheet.19  Stacking disorder of the sheets is 

related to vibrations along the c-axis, and exhibits a feature on the second order band at 

2700 cm-1.25 

 

Raman spectroscopy has been developed as a standard method for determining the planar 

coherence length La in graphitic carbon that possesses limited long-range order.19,22  The 

integral intensity ratio ID/IG is inversely proportional to the planar crystallite size La over a 

range of 2.5-300 nm for laser wavelengths of 400-700 nm:19,22  

! 

I
D

I
G

=
4.4nm

L
a

                                                            ( 6.7 ) 

Both the band positions and bandwidths of G- and D-modes are sensitive to La, and the 

downshifting of the G-band position has been correlated with the presence of bond-angle 
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disorder.  The D- and G-modes were also found to be sensitive to the type of carbon 

bonding, i.e. sp2 or sp3 hybridization.  Information on the sp2/sp3-bonded fraction of 

carbon can be obtained from the band position of D- and G-modes, and from the integral 

intensity of D-band.26  

 

In an early Raman study on boron-doped natural graphite (0.6 wt.% B),27 it was found 

that substitutional boron doping into the graphite lattice led to an upshift of Raman bands 

at 1580 cm-1 to 1590 cm-1, accompanied by a slight broadening.  The boron doping also 

caused a remarkable increase in intensity of the D-band at 1360 cm-1, which is a defect-

induced vibration mode.  The upshift of Raman band at 1580 cm-1 was explained by a 

decrease in repulsion between the graphite layers as a result of the presence of 

substitutional boron.27  Similar results have been observed in the studies of boron-doped 

carbon films deposited by thermal CVD processes.11,28 Therefore, substitutional boron 

doping in carbon causes distortions in the graphite lattice, and results in both an upshift 

and broadening of G-band coupled with an increase in the intensity and broadening of D-

band.  Interstitial boron doping in carbon has no such effects.29  

  

Raman spectra of the boron-doped carbon nanofibers are given in Figure 6.4 and Figure 

6.5.  Raman bands appear at approximately 1350 cm-1 (D-band) and 1570 cm-1 (G-band), 

as listed in Table 6.2.   Boron concentrations of samples determined by AES are also 

given in Table 6.2.  As-deposited boron-doped carbon film (sample A) exhibits Raman 

bands at 1360 and 1590 cm-1, as expected by the effect of substitutional boron doping in 

graphite lattice.  The G-bands of boron-doped carbon nanofibers are lower, ranging 
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from1561-1580 cm-1.  The widths of G-bands of nanofibers are between 100-118 cm-1, 

are similar to the film.  The D-bands of boron-doped carbon nanofibers are in the range 

of 1344 -1361 cm-1, with their widths between 212-260 cm-1.  For all the boron-doped 

carbon nanofibers, both G-bands and D-bands have no dependence on the boron 

concentration.  However, the widths of G-bands increase slightly, and the band ratios, 

ID/IG, decrease with an increase in deposition temperatures (Table 6.2).  The broadening 

of G-bands is directly related to disorder within the carbon layers, and ID/IG reveals a 

statistical crystallite size along carbon layers of the samples.  The planar crystallite size 

(La, or called crystallite width) for each sample is calculated using Equation 6.7, and is 

given in Table 6.2.  There is no dependence of the La on the boron concentration, but La 

increases with increasing deposition temperatures.  Figure 6.6 shows a linear increase in 

La of boron-doped carbon nanofibers with an increase in deposition temperature.   

 

There are several questions raised based on the Raman results.  First, why does the 

position of G-bands of boron-doped carbon nanofibers drop to a lower frequency which 

is  in the range of G-band of undoped graphite crystal (~1575 cm-1) instead of shifting to 

a higher frequency as predicted by Hagio et al.(1590 cm-1)?27  Second, why do the results 

reveal both a slight increase in G-band broadening with deposition temperature and a 

linear increase in La with deposition temperatures?  Third, X-ray diffraction analysis 

shows that there is a decrease in the crystallite height (Lc) with deposition temperatures 

and this is an apparent conflict with the increase in crystal width (La). 
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To answer these questions, we have to consider the influence of both B-doping and the 

nano-scaled structural form.  We have pointed out that compressive stress and strain 

exists in the nanofiber samples, which decreases the interlayer spacing.  The compressive 

stress (up to 0.58 GPa) would counterbalance the decrease in repulsion between the 

graphite layers resulting from the presence of substitutional boron.27   As a result, boron-

doped carbon nanofibers do not exhibit an upshift of G-bands as would the boron-doped 

carbon thin films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. Raman spectra of boron-doped carbon nanofibers deposited with the reactant 
ratios BCl3/C6H6 = 0.5, 1, and 2 at 800˚C for 30 min. 
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Figure 6.5. Raman spectra of boron-doped carbon nanofibers deposited at temperatures 
from 750-900˚C with a reactant ratios BCl3/C6H6 = 1. 
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Table 6.2  Raman Analyses on Boron-doped Carbon Nanofibers 

G Band D Band 
Samples  B at.% 

by AES  νG (cm-1) ΔνG (cm-1) νD 
(cm-1) 

ΔνD  
(cm-1) 

ID/IG 
La 

(nm) 

I-2 18.4% 1575 100 1344 245 1.44 3.06 

I-1 13.3% 1575 102 1344 250 1.34 3.28 

I-0.5 10.1% 1561 105 1349 283 1.58 2.78 

II-750C   6.3% 1567 101 1347 260 1.51 2.91 

II-800C 11.3% 1580 102 1351 215 1.33 3.31 

II-850C   8.4% 1576 111 1361 223 1.21 3.64 

II-900C  4.8% 1574 118 1349 212 1.04 4.23 

A  
(CXB film) 11.2% 1590 110 1360 245 1.26 3.06 

 
 
 

 
 
 

Figure 6.6. Planar crystallite size La as a function of deposition temperatures. 
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Having substitutional boron present, the larger B-C bond length (1.56 Å) compared to C-

C bond length (1.42 Å) leads to a symmetry disruption, which occurs at boron atoms that 

are responsible for G-band broadening.  Accordingly, the slight increase in the G-band 

broadening, allows one to deduce that higher deposition temperatures cause more 

disordering of the layers.  In addition, Raman spectroscopy is very sensitive with respect 

to the intrinsic defects of graphite lattice.  Equation 6.7 assumes that graphite becomes 

uniformly nanocrystalline, and the smaller crystallites are therefore taken into account 

more.22,30  On the other hand, XRD is more sensitive to the largest crystallites.  For a 

system with mixed grain sizes, we can explain why the XRD dimensions (Lc) are larger 

than the Raman dimensions (La): Equation 6.7 will underestimate La due to the dominant 

effect of small crystallites.17,30 

 

Based on the observations from electron microscopy, we realize the microstructure of the 

boron-doped carbon nanofibers is inhomogeneous.  Therefore, we conclude that the 

crystal structure of these nanofibers is also inhomogeneous, and has mixed crystallite 

sizes of both La and Lc.  Lower deposition temperatures favor the growth of larger 

crystallites along the c-axis, while higher deposition temperatures enable an increase in 

planar crystallite width.  For this reason, the La and Lc dependencies on the deposition 

temperature exhibit opposing effects. 
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6.3.1.3 Transmission Electron Microscopy 

High-resolution TEM has been carried out on Group I (Figures 6.7-6.9) and Group II 

(Figures 6.10-6.14) samples to study the micro- and nano-structure of boron-doped 

carbon nanofibers.  The morphologies of these samples vary considerably.  The synthesis 

conditions for each sample are listed in Appendix A.   

 

Group I samples (assigned as I-0.5, I-1 and I-2) are synthesized with reactant ratios 

(BCl3/C6H6) at 0.5, 1 and 2, respectively.  There are fibers with diameters of two scales 

observed in each sample.   The fat fibers have a diameter on the submicron scale (0.1-0.9 

µm), and the small fibers have a diameter on the nanometer scale (<100 nm).  Sample I-

0.5 (Figure 6.7) has both submicron fibers with a diameter of 0.5-0.7 µm, and nanofibers 

with a diameter of 60-100 nm.  The submicron fibers were previously observed by SEM.  

The nanofibers have open tips, and two textures along the fiber axis (Figure 6.7b): 

herringbone stacked in the core and tubular stacked on the exterior.  The herringbone 

stacked layers, with an angle of ~20˚ to fiber axis, have the effect of building up cones 

one over another.  No catalyst particles are observed in the nanofibers.   

 

The structure of sample I-1 (Figure 6.8) is similar to I-0.5.  Both submicron fibers (a 

diameter of 0.3-0.4 µm), and nanofibers (diameter of 45-60 nm) exist.  Figure 6.8c shows 

a nanofiber with a diameter of 60 nm.  This nanofiber has an open tip, and two textures 

along the fiber axis.  In the core, herringbone stacked layers with an angle of  ~15˚ to the 

fiber axis build up conical compartments one over another.  On the exterior, carbon layers 

are parallel to the fiber axis, but are not as ordered as the herringbone stacked layers in 
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the core.  Between the two textures, there is a disordered transition area.  No literature to 

date has reported such a structure for nanofibers based primarily on carbon.  We propose 

this structure is correlated with the presence of boron, and consequently, a modified 

growth mechanism. 

 

Sample I-2 (Figure 6.9) has submicron fibers with a diameter of 0.12-0.25 µm, and 

nanotubes with diameters in the range of 15-30 nm.  The submicron fiber is tubular, and 

hollow in the center (Figure  6.9a), while the nanotubes have a closed tip without an 

encapsulated catalyst particle. 

 

Group II samples are synthesized at deposition temperatures between 750-900˚C.  

Samples are assigned as II-750C, II-800C II-850C and II-900C, respectively.  The 

structures of Group II are also inhomogeneous.  The structure of sample II-750C is 

distinguished from the others in that it has fibers with diameters of one scale (0.12-0.14 

µm).  Figures 6.10 and 6.11 show two fibers with a broken tip, or perhaps a closed tip of 

sample II-750C.  The first fiber in Figure 6.10 has two textures along the fiber axis: 

platelet stacked in the core and tubular stacked on the exterior.  The tubular stacked 

carbon layers on the exterior, though parallel, are randomly displaced with respect to one 

another, and this structure is referred to as a turbostratic structure.31,32  However, the 

platelet stacking of carbon layers in the core is perfect, and the crystallite size is large (> 

100 nm).  The interlayer spacing in the core is measured to be 0.333(0.01) nm based on 

the calibrated scale bar associated with the high-resolution TEM, which agrees with the 
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XRD measurement of 0.334 nm (note that XRD result is based on the whole sample, and 

is thus an average value).   

 

Figure 6.11 shows a second fiber with a closed tip that has a hollow carbon onion of 

sample II-750C.  Similar to the first fiber, it has two textures along the axis: platelet 

stacked in the core, and tubular stacked on the exterior.  However, the external tubular 

layers peel off from the platelet core, and it is hollow between these two textures.  A 

hollow, onion-skin tip forms by the extension of the exterior tubular carbon layers.  The 

onion-skin tip has the same diameter as the fiber, but carbon layers are well ordered, 

stacked with 8-14 layers.  

 

The TEM observation on sample II-750 gives us some clues to explain this unique 

structure.  First, the growth rates along the fiber axis of the platelet core and of the 

exterior tubular carbon are different.  On the second fiber (Figure 6.12), the exterior 

tubular carbon grows faster, thus a hollow carbon onion-skin tip forms.  Second, the 

exterior carbon formed earlier might limit the growth of the platelet core, and lead to a 

compressive strain on the platelet layers along the c-axis.  As a result, the interlayer 

spacing determined by XRD is 0.334 nm and by TEM is 0.333 nm.  However, both 

values are lower than the 0.3354 nm of a perfect graphite crystal.14  

 

Sample II-800C (Figure 6.12) has submicron fibers with a diameter of ~0.5 µm and 

nanotubes with diameters of 10-20 nm.  The nanotubes (4-14 layers) have closed tips, 

without encapsulated catalyst particles.  Sample II-850C (Figure 6.13) has submicron 
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fibers with a diameter of ~0.35 µm, and no nanotubes or nanofibers are observed by 

TEM.  At the broken tip of a submicron fiber, a tubular core is exposed out of the outer 

fiber.  The tubular core (in Figure 6.13b) is well ordered, and exhibits a higher strength 

than the larger outer fiber.  Sample II-900C has no nanotubes or nanofibers observable by 

TEM.  The fragment of this sample (Figure 6.14) shows a structure characteristic of well-

ordered carbon thin film. 

 

Table 6.3 is a summary of the observations on boron-doped carbon deposits by TEM.  

The structure of boron-doped carbon deposits is a function of reactant ratio (or boron 

concentrations) and deposition temperature.  The results are in agreement with the  

 

Table 6.3  TEM Observations on Boron-doped Carbon Deposits 

Samples  B at.% 
by AES 

Submicron 
fiber 

diameter 

Nanofiber 
diameter 

Texture of nanofibers (or 
nanotubes) 

I-2 18.4% 0.12-0.25 µm 15-30 nm Multi-walled nanotubes 
with a closed tip 

I-1 13.3% 0.3 -0.4  µm 45-60 nm Core: herringbone stacked 
Exterior: tubular stacked 

I-0.5 10.1% 0.5 -0.7  µm 60-100 
nm 

Core: herringbone stacked 
Exterior: tubular stacked 

II-750C   6.3% 0.12-0.15 µm NA Core: platelet stacked 
Exterior: tubular stacked 

II-800C 11.3% ~0.3-0.5 µm 10-20 nm Multi-walled nanotubes 
with a closed tip 

II-850C   8.4% ~0.35 µm NA Core: well-ordered 
tubular stacked 

Exterior: tubular stacked 

II-900C  4.8% > 0.5µm NA NA 
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Figure 6.7. TEM images of Sample I-0.5.  Both submicron fibers (diameter 0.5-0.7 µm) and nanofibers (diameter 60-100 nm) 
exist in this sample.  The nanofibers have open tips, and two textures along the fiber axis: herringbone stacked in the core and 
tubular stacked on the exterior. 

a b 
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Figure 6.8. (a) and (b) TEM images of Sample I-1.  Both submicron fibers (diameter 0.3-0.4 µm) and nanofibers (diameter 45-60 
nm) exist in this sample.  The nanofibers have open tips. 

   

a 

b 
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Figure 6.8. (c) High-resolution TEM image of a nanofiber in Sample I-1.  The nanofiber has an open tip, and two textures: 
herringbone stacked in the core and tubular stacked on the exterior. 

   

c 
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Figure 6.9. TEM images of Sample I-2.  Both submicron fibers (diameter 0.12-0.25 µm) and nanofibers (diameter 15-30 nm) 
exist in this sample.  Small fibers are multi-walled nanotubes with closed tips. 

 

a b 
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Figure 6.10. TEM images of a nanofiber in Sample II-750.  
This fiber has a broken tip with a diameter 0.12µm.  Two 
textures exist along the fiber axis: platelet stacked in the core 
and tubular stacked on the exterior. 

 

    

a 

c 

b 
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b 

c 

Figure 6.11. TEM images of a boron-doped carbon nanofiber 
in Sample II-750C.  This fiber has a closed tip with a 
diameter 0.13µm.  The tip exhibits a hollow, spherical carbon 
onion-skin microstructure.   

c 

b 

a 
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Figure 6.12. TEM images of Sample II-800C.  Both submicron 
fibers (diameter ~0.5 µm) and nanotubes (diameter 10-50 nm) 
exist in this sample.  Nanotubes have closed tips without 
encapsulated catalyst particle. 

 

a b 

c 
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Figure 6.13. TEM images of a broken boron-doped carbon fiber of Sample II-850C.  This fiber is tubular stacked, with a 
diameter ~0.35 µm.  A well-ordered tubular core exists.  Also shown is micrograph of the broken tip highlited in a.  
 

a b 

b 
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Figure 6.14. TEM images of the fragments of Sample II-900C. 

 

a b 
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observations by SEM.  For Group I samples, the diameters of both the submicron fibers 

and nanofibers decrease with an increase in reactant ratio BCl3/C6H6.  When BCl3/C6H6 

reaches 2, multi-walled nanotubes grow instead of nanofibers.  For Group II samples, an 

increase in deposition temperature not only increases the diameters of submicron fibers or 

nanofibers, but also changes the texture of the filamentous carbon.  At a deposition 

temperature of 750˚C, the fibers exhibit platelet stacking in the core, and disordered 

tubular stacking on the exterior zones.  By increasing the deposition temperature, well 

ordered tubular staking dominates the texture.  Therefore, by TEM observation, the 

change in texture of filamentous carbon can be described as: (1) an increase in boron 

concentration changes the texture from herringbone form to tubular form; (2) an increase 

in deposition temperature helps to change the texture from platelet form to tubular form. 

 

As shown in Figure 6.1, herringbone stacked texture is a form between platelet and 

tubular texture from the viewpoints of dangling bonds and the angle to the fiber axis.  

Although the herringbone form is not observed in the Group II samples, it is observed in 

Group I samples, which are deposited at a intermittent deposition temperature.  We 

believe that the increase in deposition temperatures will transfer the texture from platelet 

stacking to herringbone stacking, ultimately to well-ordered tubular stacking.  In addition, 

a high concentration of boron in the sample (>15 at.% B) favors the grow of filamentous 

carbon in samples of tubular texture.   

 

Tanaka et al.33 investigated the influence of deposition temperatures on the stacked 

texture of carbon nanofibers.  Their results revealed that platelet stacked nanofibers were 
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deposited at low temperatures and tubular nanofibers were deposited at higher 

temperatures.  Also the texture transition temperature depended on the metal composition 

of the catalyst particles.  As a result, Tanaka et al. hence proposed that the alignment and 

degree of graphitization of carbon layers would be governed by the nature of the catalyst 

particles.  But no further discussion was offered to explain the change in texture as a 

function of the deposition temperature. 

 

Hofmann et al.34 studied the low-temperature growth of carbon nanotubes and nanofibers 

by plasma-enhanced CVD, and found the activation energy for the growth rate is ~23 

kJ/mol at low temperature (500-700˚C), which is similar to the activation energy for 

surface diffusion, but much lower than that for bulk diffusion.35  The researchers 

suggested that carbon diffusion on the catalyst surface is the rate-determining step in 

nanofiber growth at low temperature.  The graphitic basal planes form on the surface of 

the catalyst surface, thus the carbon layers of the nanofibers are parallel to the metal 

surface, i.e., exhibit platelet stacking. 

 

The surface diffusion mechanism explains the platelet stacked structure of the nanofibers 

deposited at low temperatures, 750˚C.  With an increase in the deposition temperatures, 

the solubility of C in Ni increases, and bulk diffusion becomes faster.  Thus there is a 

transition at the point where growth is controlled by bulk diffusion through the Ni.  

Above this point (temprature), herringbone or tubular stacked carbon forms.  
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Boron concentration influences the stacked texture as well.  When boron concentration in 

graphitic carbon is high (>15%), boron atoms exist as both substitutional and interstitial 

species.11 The platelet stacked structure is well-ordered, and has the same interlayer 

spacing as graphite crystal (0.335 nm), but the interlayer spacing in nanotubes (or tubular 

texture) might be larger because of the curvature of the cylindrical graphene layers.36,37  

The latter texture has a higher capacity to accommodate boron atoms as the concentration 

of defects in the structure.  When the concentration of boron in the reactant source is 

high, more boron atoms would be introduced into the carbon structure as either 

substitutional or interstitial species.   For this reason, a tubular texture is preferred for 

doping.  From this point, the nanofibers are inhomogeneous not only in the context of 

structure, but in terms of boron atom distribution as well.  In the following section we 

will study the structure-related chemistry in a single nanofiber using high-resolution 

EELS operated on a STEM microscope, which is an investigation into the boron-doped 

carbon nano-form structure on the atomic level.  
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6.3.2 Structure-related Chemistry Analysis of Boron-doped Carbon Nanofibers 

6.3.2.1 A Background of EELS in Conjunction with Z-contrast Imaging 

The technique of Z-contrast imaging in STEM was achieved by Pennycook and 

Browning at Oak Ridge National Laboratory in the early 1990’s.38,39  A schematic 

diagram of Z-contrast imaging is given as Figure 6.15.  In this technique, a finely focused 

beam with a convergent angle of ~10 mrad is used as the electron probe.  The atomic 

columns of the thin specimen are illuminated as the probe scans across the specimen, 

generating a two-dimensional intensity map of scattered electrons at the annular detector, 

where the atomic positions always appear to be bright.  Using the high-angle annular 

dark-field detector (>~50 mrad at 200 kV) makes thermal diffuse scattering the dominant 

contribution to the detected intensity, and allows one to consider each atom as scattering 

independently with a cross-section that approaches the value of Z2, and is thus directly 

sensitive to the atomic number(s) of the atoms probed. Due to the Z2 dependence, the 

number of electrons scattered by the sample is directly related to the composition.  

Because atoms of higher atomic number, or Z, scatter more electrons, they produce a 

brighter image.  This technique is termed Z-contrast imaging because, although atoms are 

always white in the image, the heavier an atom is, the whiter it appears.38,39 

 

The Z-contrast image itself has chemical sensitivity but cannot identify unknown 

chemical species.  Because only those electrons scattered through large angles are used 

for the Z-contrast imaging, the rest of the electrons may be analyzed by an electron 

spectrometer.  This measures the energy loss that occurs when the electrons pass through 

the specimen.  This technique, namely, electron energy loss spectroscopy (EELS), can 
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identify unknown chemical species from the fingerprint of energy loss.  Since the two 

techniques do not interfere with each other, Z-contrast images can be used to accurately 

position the electron probe at the desired spot on the sample and to acquire EELS 

spectra.40 

 

 

 

 

 

 

Figure 6.15. Schematic diagram of the Z-contrast imaging using high-angle scattering and 
EELS in STEM.  Adapted from Browning et al. 38 
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6.3.2.2 EELS Analysis of Boron-doped Carbon Nanofibers 

The boron-doped carbon nanofibers of Sample I-1 (Figure 6.8) and Sample II-750C 

(Figure 6.10 and 6.11) are analyzed by EELS.  The nanofibers of Samples I-1 have two 

textures along the fiber axis, herringbone stacked in the core, and tubular stacked outside.  

Between the two textures, there is a disorder transition area that has turbostratic carbon 

structure. The nanofibers of Samples II-750C have a platelet stacked structure in the core, 

and disordered tubular stacked structure in the outside regions.  We have opted to use the 

EELS line scan technique to probe the boron atom distribution across the nanofibers, with 

the aim to understand the influence of the structure on the boron atom distribution in the 

inhomogeneous nanofibers. 

 

6.3.2.2.1 Nanofibers of Sample I-1 

Figure 6.16 show a Z-contrast image of nanofibers in Sample I-1.  Atoms are white in a 

Z-contrast image.  The bright white area on the right bottom in Figure 6.16 is caused by 

the large sample thickness.  A nanofiber has a diameter of ~50 nm and a length of 200 

nm sitting at the sample edge.  In the middle of the nanofiber, dark triangles run along the 

axis, which are the hollow conical compartments built up by the herringboned carbon 

layers, as shown in Figure 6.8c.  We picked up paths in the perpendicular direction across 

this nanofiber to carry out EELS line scans.  Scan A crosses a central dark triangle, and 

Scan B touches the tip of a dark triangle, as shown in Figure 6.16. 

 

The integration intensity profiles of B, C and O K-edges by Scan A and Scan B are 

shown in Figure 6.17.  Since the experimental parameters to run the EELS analysis are 
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constant, the integration intensity of a particular element is a function of the atom density 

(nX) and the sample thickness (t), as given in Equation 6.3.  Oxygen signals are very low.  

Boron signals by both Scan A and Scan B are similar, and the maximum values lie at the 

position between the surface and the axial center.  Shapes of carbon signals are 

approximately symmetrical with respect to the nanofiber axis, and concave at the axial 

center.  During Scan A, the width to cross the central hollow cone is about 16 nm, which 

means the actual thickness of sample reacted with the electron probe is less in the center 

because of the cylindrical shape of the fiber.  Thus, the carbon profile from Scan A comes 

out with two maxima instead of a maximum at the axial center as a solid carbon fiber 

would.  Scan B touched a tip of the hollow cone, so only has a small drop in the carbon 

intensity at the center. 

 

 

 

 

 

 

 

 

 

 

Figure 6.16.  A Z-contrast image of a nanofiber with a diameter of 60 nm in sample I-1.  
Two EELS line scan paths across the nanofiber are labeled as Scan A and Scan B, 
respectively. 
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(a) 
 

 (b) 

Figure 6.17. The integration intensity profiles of B, C and O K-edges of (a) Scan A and 
(b) Scan B perpendicular across a nanofiber in Sample I-1.  The dash lines represent the 
nanofiber axis. 
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The average atom ratios of B/C and O/B are calculated using the integration intensity 

profiles, and are shown as position profiles in Figure 6.18.  The asymmetry in the profile 

shape is attributed to the variations in the atom (B and O) distribution, and the shape 

imperfection of the nanofiber.  In order to simplify the discussion, the asymmetry in the 

atom ratio profiles with respect to the nanofiber axis is ignored, and we will only look 

into the EELS results on the left side of the nanofiber axis in the profiles.   

 

As shown in Figure 6.18, boron atoms are not uniformly distributed in the nanofiber of 

Sample I-1.  B/C average ratios in the nanofibers are between 6-13%.  The highest B/C 

average ratio appears at a position away from the axial center  ~12 nm.  The profiles of 

the O/C ratio have the same shape as those of the corresponding B/C ratio.  O/C average 

ratios are calculated to be more than 4%, and have very high values (>16%) on the 

nanofiber surface.  In the body of the nanofiber, O/C average ratio profile peaks at 9-10% 

at the same position as the B/C peak.  The O/C ratio of Sample I-1, measured by XPS 

(3.7%), or by AES (2.5%), are much lower than that analyzed by EELS.  In the EELS 

analysis, small O/C ratio values are often magnified when using Equation 6.4 because the 

relatively small oxygen partial ionization cross-section (σC/σO = 4.3 in our case).  

Another inaccuracy in O/C ratios is caused by the very low oxygen integration intensity 

(Figure 6.16), and the resulting low signal-to-noise ratio.  We suggest not using O/C 

ratios to represent the actual oxygen content for the sample.  However, the similar shapes 

of the profiles between the B/C ratio and the O/C ratio imply that the boron-doping 

process involves a reaction with a small amount of oxygen, which may originate from the 

fused quartz substrates.  
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

(b) 

Figure 6.18. The profiles of average atom ratios of B/C and O/C of (a) Scan A and (b) 
Scan B.  The dash lines represent the nanofiber axis. 
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The EELS analysis is undertaken using STEM, so every spectrum of EELS includes 

chemical information of the sample of the specific thickness the electron beam goes 

through.  As for a nanofiber sample with a cylindrical shape, each detection in Scan A or 

Scan B consists of the information along the path of the electron beam from the upper 

surface into the body, and finally out of lower surface of the nanofiber.  The boron atom 

distribution in the nanofiber is not uniform, and the profiles of B/C ratios in Figure 6.18 

do not show the actual B/C ratio value at the radial position.   

 

In order to find out the actual boron distribution in a nanofiber, we carry out a calculation 

using a geometric model of nanofiber.  Figure 6.19 shows the models of the nanofiber 

cross-section for Scan A and Scan B.  There are four assumptions employed when 

developing the models: 

1. The nanofiber has perfect axial symmetry. 

2. Carbon atoms are homogeneously distributed throughout the cross-section, i.e., the 

carbon concentration (nC) is assumed to be constant. 

3. The cross-section is divided into concentric rings, 2 nm thick, which are the same 

size as the EELS scanning step size. 

4. Boron atom distribution is different between rings, but the same within one ring. 

The shape of the models is built up based on the carbon integration intensity profiles in 

Figure 6.17.  For Scan A, the outer diameter is 22 nm and inner diameter is 8 nm (Figure 

6.19a).  For Scan B, the outer diameter is also 22 nm, but inner diameter is only 2 nm 

(Figure 6.19b). 
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(a) Model of Scan A 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Model of Scan B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.19. Nanofiber cross-section models built up based on the carbon profiles for (a) 
Scan A and (b) Scan B of a nanofiber in Sample I-1.  

E-beam probe  
path of EELS 

E-beam probe  
path of EELS 

position  

E-beam 
 probe 

22nm 

8nm 

22nm 

2nm 



 

 6-42 

With these models, the boron and carbon integration intensity expressed by Equation 6.3 

can be written as:   

! 

IB = IZL " #B " (nB, i
i

$ " t i )                                          ( 6.8 )  

 

! 

I
C

= I
ZL
" #

C
" n

C
" t                                                   ( 6.9 )  

where i is the ring number, nB.i is the boron concentration in the ith ring, and ti is the 

thickness that the electron probe goes through in the ith ring, respectively.  The total 

thickness t equals 

! 

t
i

i

" , where ti can be calculated according to the models in Figure 6.19.  

Since nC is a constant, then nC = nC,i at any ring.  We derive the relationship as:  

! 

(
nB

n C
)

i

"
i

# (
t i

t
)=
IB

IC
#
$ C

$B
                                        ( 6.10 )  

where t is the total thickness of the sample, and 

! 

(
nB

n C
)i denotes the B/C atom ratio in the 

ith ring.  The results of 

! 

(
nB

n C
)i represent the boron distribution in the nanofiber, as given 

in Figure 6.20.  
 
 

The profile shapes of calculated B/C atom ratios from Scan A and Scan B in Figure 6.20 

are similar.  Both profiles have a maximum peak of 16% B/C at the position of 14-16 nm 

away from the axial center.  Discrepancies occur at the surface and the central position of 

the nanofiber.  At the surface, both carbon and boron integration intensity are low due to 

the low sample thickness, thus a high variation in IB/IC is possible.  The difference in the 

center part is due to the cross-section difference (Figure 6.19): Scan A crosses a hollow 

cone while Scan B does not.  The calculated B/C ratio profiles of Scan A and Scan B are 

in good agreement with the boron distribution in the nanofiber of sample I-1.  
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 

Figure 6.20. The profiles of calculated B/C atom ratios based on the nanofiber models of 
(a) Scan A and (b) Scan B.  The dash lines represent the nanofiber axis. 
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(a) Model of Scan A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Model of Scan B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.21. Models of boron distribution in the nanofiber of Sample I-1. (a) Model of 
Scan A, and (b) model of scan B.  The areas highlighted in gray have the highest boron 
concentration of 16% B/C.  
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Based on the cross-section models, boron distribution in the nanofiber of Sample I-1 are 

displayed in Figure 6.21.  The highlighted ring in each cross-section model represents the 

area having the highest B/C atom ratio of 16%, where the boron-doped carbon formula is 

C6B. 

 

6.3.2.2.2 Nanofibers of Sample II-750C 

A Z-contrast image of nanofibers in Sample II-750C is shown in Figure 6.22.  A 

nanofiber with a diameter of ~80 nm is selected to run the EELS line scan, whose path is 

along the red line.  This nanofiber is solid, and its structure is similar to the nanofiber in 

Figure 6.10.  Figure 6.23 shows the integration intensity profiles of B and C K-edges by 

Scan C.  Both profiles are symmetric with respect to the axis.  As expected, carbon 

profile has the maximum at the center line because the fiber is not hollow.  The boron 

profile has two maxima at the positions of x=30 and 66 nm, where both are away from 

the axis position (x=48 nm) for 18 nm.  It indicates that the boron atom concentration is 

the greatest at, or near, the position away from the axis for 18 nm.  

 

The profile of average B/C atom ratios is calculated using Equation 6.4, and is given in 

Figure 6.24.  The asymmetry in the profile shape is attributed to the variations in the 

boron atom distribution, and the shape imperfection of the nanofiber.  Boron atoms are 

not uniformly distributed in the nanofiber of Sample II-750C.  B/C average ratios in the 

nanofibers are between 5-10%.  The values are very low in the center, and stay at 8-10% 

in the external part.  There is a fluctuation at the positions close to the surface.  Again, 

because of the transmission electron probe used for EELS, the profile of B/C average 
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ratios in Figure 6.24 does not represent the radial boron distribution in the nanofibers. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.22.  A Z-contrast image of a nanofiber with a diameter of 80 nm in sample II-
750C.  An EELS line scan path across the nanofiber is labeled as Scan C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.23. The integration intensity profiles of B and C K-edges of Scan C across a 
nanofiber in Sample II-750C.  The dash lines represent the nanofiber axis. 
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Figure 6.24. The profile of average B/C atom ratio of Scan C on a nanofiber in Sample II-
750C.  The dash line represents the nanofiber axis. 
 

 

In order to find out the radial boron distribution in the nanofiber, a geometric model of 

the nanofiber cross-section is built up based on four assumptions.  These four 

assumptions are similar to those made in section 3.2.1: 

1. The nanofiber has axial symmetry. 

2. Carbon atoms are homogeneously distributed in the cross-section. 

3. The cross-section is divided into concentric rings, 4 nm thick.  

4. Boron atom distribution is different between rings, but the same within one ring. 

The diameter of the cross-section of Scan C is identified to be 80 nm from the carbon 

integration profile in Figure 6.23.  A cross-section model of the nanofiber in Sample-II-

750C is shown in Figure 6.25a.  Based on this model and boron and carbon integration 

intensity profiles, B/C atom ratios versus radial position are calculated using Equation 

6.10, and shown in Figure 6.25b. 
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(a) Nanofiber cross-section model based on the carbon profile for Scan C on a nanofiber 
in Sample II-750C.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) The profile of calculated B/C atom ratios based on the nanofiber model of Scan C. 

Figure 6.25. (a) The nanofiber model and (b) calculated radial boron distribution in a 
nanofiber of Sample II-750C.  
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The profile of B/C atom ratios represents the radial boron distribution in the nanofibers in 

Sample II-750C.  The shape of this B/C profile exhibits some different features compared 

to those in Figure 6.20, which belong to sample I-1.  The B/C atom ratio is very low in 

the central part of the nanofiber (< 2% for radius r <10 nm).  There is a rapid increase in 

the B/C atom ratio to ~8% with an increase in radius from 10-18 nm.  Thereafter the B/C 

ratios are relatively stable at 8-10% between a radius of 18 and 34 nm.  The B/C ratio on 

the surface is calculated based on low boron/carbon integration intensities (due to the low 

sample thickness), and so are not very reliable.  The radial boron distribution is closely 

related with the structure of the nanofiber in Sample II-750.  The following section, we 

will discuss the relationship between the chemistry and the structure of the boron-doped 

carbon nanofibers. 

 

6.3.2.3 Structure-related Chemistry in Boron-doped Carbon Nanofibers  

The boron distribution from EELS analysis displays a close relationship with the 

structure in the nanofiber.  Figure 6.26 shows a high-resolution TEM image of a 

nanofiber in Sample I-1.  In this nanofiber, there are ordered herringbone stacked carbon-

rich structures in the core, and ordered tubular stacked structures in the external regions.  

Between these two textures, a disordered transition area (~5 layers thick) is present, and 

coincides with the highest B/C atom ratio (16%, C6B).  The disordered stacking in the 

transition area indicates that with such a high boron concentration, a combination of 

substitutional and interstitial doping occurs during the nanofiber growth. 
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The high-resolution TEM image of a nanofiber in Sample II-750C is given in Figure 

6.27.  There are well-ordered platelet stacked carbon-rich structures in the core, and 

turbostratic tubular stacked carbon in the external regions.  A transition between these 

two textures occurs quickly, only 2-3 layers thick, as show in Figure 6.27b.  These 

regions apparently are correlated with the boron concentration (see Figure 6.25b).  The 

B/C atom ratio is low (< 2%) in the central platelet stacked texture, while it stays at 8-

10% in the external turbostratic tubular stacked texture. 

 

In summary, three structural types, platelet, herringbone and tubular, exist in the boron-

doped carbon nanofibers.  It is shown that the boron atom distribution has a direct 

influence on the local structure.  Platelet stacked structures exist as highly ordered 

regions with correspondingly low boron concentration (< 2% B/C).  Herringbone 

structures, while ordered, possess relatively low boron concentration (2-8% B/C).  

Tubular structures occur either as ordered regions of low boron concentration (ratio of 3-

8% B/C), or trubostratic with a B/C ratio in excess of 8%.  A disordered transition area 

dividing herringbone and tubular structured regions in a nanofiber of Sample I-1is 

observed where a B/C atom ratio of 16%, i.e., a composition of C6B is present. 
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Figure 6.26. The relationship between the structure and the boron distribution in a 
nanofiber of Sample I-1. 
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Figure 6.27. The relationship between the structure and the boron distribution in a 
nanofiber of Sample II-750.  (a) The high-resolution TEM image of a nanofiber, and (b) a 
magnified image of the transition area between two textures of the nanofiber structure. 
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6.3.3 Growth Mechanism of Boron-doped Carbon Nanofibers 

Many of the existing models for CVD growth of carbon nanotubes and nanofibers are 

based on the bulk diffusion mechanism first proposed by Baker et al.41 The hydrocarbon 

molecules decompose at the catalyst surface and the carbon atoms dissolve into the metal.  

The dissolved carbon diffuses through the metal particle, and precipitates at the other 

opposite surface of the particle to form the body of the carbon filament.  Baird et al.42 and 

Oberlin et al.43 proposed another common growth mechanism involving the surface 

diffusion instead of bulk diffusion.  The carbon atoms diffuse over the catalyst surface to 

form tubular structure that emanates from the circumference of the catalyst.  They 

suggested that tubular structure is favored for carbon filaments with very small diameter 

because it decreases the total energy by reducing the number of dangling bonds.  

Hofmann et al.34 proposed a surface diffusion mechanism for the low-temperature growth 

of carbon nanotubes and nanofibers by plasma-enhanced CVD based on a study of the 

activation energy for the growth rate.  They found that the nanofibers are platelet stacked 

grown at low temperature. 

 

We propose that both surface diffusion and bulk diffusion mechanisms are involved to 

form the boron-doped nanofibers.  Temperature determines the growth mechanism by 

either surface diffusion or bulk diffusion.  We have demonstrated the basic growth mode 

in Section 4.3.5.  Figure 6.28 is a schematic presentation of the mechanisms involved 

with the boron-doped carbon nanofibers.  At low temperature (750˚C), surface diffusion 

dominates, thus platelet stacked structure exists in the core (Figure 6.28a).  The Ni 

particles have higher curvature on the circumference, where carbon diffuses and 
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precipitates at higher rates compared to the middle surface.  Consequently, a tubular 

structure grows along the circumference of the Ni particles, which also helps to terminate 

the dangling bonds on the platelet stacked layers.  Thus, the nanofiber has two textures: 

well ordered platelet stacked in the core and disordered tubular structure on the outside.  

At high temperature (~900˚C), bulk diffusion governs the nanofiber growth, and results 

in a tubular structure (Figure 6.28c).  Because of the high curvature on the circumference 

of the Ni particles, two textures also appear: ordered tubular in the core and disordered 

tubular on the exterior.  At intermediate temperatures (~800˚C), both surface diffusion 

and bulk diffusion influence the carbon transport and precipitation that ultimately leads to 

the growth of herringbone structure in the core (Figure 6.28b). 

 

 

 

                                                                   

 

 
 
 
 
 
 
 
                     (a)                                             (b)                                            (c) 

Figure 6.28. Schematic representation of the mechanism of boron-doped carbon 
nanofiber formation.  (a) The formation of platelet stacked structure at low temperature, 
(b) the formation of herringbone structure at intermediate temperature, and (c) the 
formation of tubular structure at high temperature.  Solid lines represent the ordered 
carbon layers, while dashed lines represent turbostratic carbon layers. 
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The dangling bonds at the edge of herringbone carbon are terminated by the tubular 

stacked carbon grown along the circumference of Ni particles. 

 

The doping of boron atoms influences the ordering of the carbon layer stacking.  Well 

ordered stacking, such as platelet carbon, has a very low boron concentration.  On the 

other hand, carbon layers are disordered at the transition area between two textures where 

the boron concentration reaches ~16% B/C in Sample I-1.  In addition, very high reactant 

ratios (BCl3/C6H6) modify the stacked texture of the nanofibers.  For example, there are 

nanotubes of 15-30 nm synthesized in Sampe I-2 (18.4 at.%B).  The high concentration 

of BCl3 might change the surface propertities of the Ni film, and modify the 

fragmentation of Ni film into nanoparticles.  Smaller Ni particles naturally favor the 

formation of nanotubes.  
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6.4  Conclusions 

The crystal structure of these nanofibers is inhomogeneous, and has mixed crystallite 

sizes of both La and Lc.  XRD analysis reveals that boron-doped carbon nanofibers are 

highly orientated, and have a graphite-like structure.  The interlayer spacings, d002, range 

from 0.3343 to 0.3397 nm, and crystallite sizes, Lc (002), range from ~5 to 20 nm.  The 

interlayer spacings increase, and the crystallite sizes decrease with an increase in deposition 

temperature.  In addition, strains occur in the samples synthesized at low temperature 

(750˚C), and lead to a small lattice parameter, d002.  Raman analysis reveals that lower 

deposition temperatures favor the growth of large crystallites along the c-axis, while 

higher deposition temperatures affect an increase in the planar crystallite width.  The 

crystallite width (La), by Raman analysis, is in the range of 2.5-4.5 nm.  

 

The nano-scaled structure shown by TEM is inhomogeneous.  Submicron fibers and 

nanofibers coexist in each sample.  The diameters of both the submicron fibers and 

nanofibers decrease with an increase in reactant ratio, BCl3/C6H6. An increase in 

deposition temperature not only increases the diameters of submicron fibers or 

nanofibers, but also changes the texture of the filamentous carbon.  The change in texture 

of filamentous carbon can be described as: (1) an increase in boron concentration causes 

the texture to transform from herringbone to tubular form; (2) an increase in deposition 

temperature helps to change the texture from platelet form to tubular form. 

 

EELS analysis reveals that the boron doping into the carbon nanofibers is structure-

related.  The platelet stacked structure is always very well-ordered with very low boron 
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concentration (< 2% B/C).  Herringbone structures are  ordered with relatively low boron 

concentration (2-8% B/C).  The tubular structure is either ordered with a B/C ratio of 3-

8% B/C, or trubostratic with a B/C ratio of  > 8%.  A disordered transition area between 

herringbone and tubular structure in a nanofiber of Sample I-1 is observed where the 

boron concentration is 16%, i.e., consistent with a composition of C6B. 

 

Finally, mechanisms of boron-doped nanofiber growth are proposed that involve both 

surface diffusion and bulk diffusion process. Temperature is the governing factor that 

determines the process by which either surface diffusion or bulk diffusion dominates.  

Boron doping also influences the ordering of the carbon layer plane stacking.  
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7 Conclusions  

 

This study addresses carbon nanotubes and nanofibers having a high boron concentration 

(> 10 at.%B).  I have built upon our laboratory’s experience with the novel form of 

carbon (C6B).  Additionally, I have used the vast literatures regarding boron-doped 

carbon nanotube growth, as a reference. 

 

Three difficulties or challenges were surmounted during this study.  The first addressed 

the use of CVD as an effective method to produce boron-doped carbon nanotubes and 

nanofibers.  There is not much in the literature reporting this technique for the synthesis 

boron-rich carbon nanotubes.  The reported results are controversial regarding the boron 

concentrations and the scale of the filamentous carbon produced.  In our work, an 

extensive investigation of the experimental parameters associated with CVD process has 

been carried out and the effects of these parameters are demonstrated.  A highly boron-

rich nanofiber was achieved by the CVD methods described in this thesis.  

 

The second difficulty is the need for accurate measurement of boron concentrations.  

Boron is a very light element (Z = 5) and difficult to assess via many microprobes.  XPS 

and AES are both surface chemistry analysis techniques (5-50 Å deep) and sensitive to 

boron atoms.  The probe size of XPS (> ~10 µm) is larger than that of AES (which can be 

small as 10 nm).  XPS signals include much information from the surface species that 

interferes the quantitative analysis.  Thus, careful pre-treatment has been taken to remove 

the surface species before the XPS measuring.  Among all the tools, AES is most suitable 
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to probe boron concentration in nano-scaled structure.  We have taken the advantage of 

the HTML User facility at ORNL and measure boron concentration of the deposited 

nanofibers by AES.  Results by both XPS and AES on the CVD products are in good 

agreement with boron concentrations of the CVD products in the range between 5-18 

at.%. 

 

The third challenge is determining the influence of boron on structure at the atomic level.  

High-resolution TEM and EELS from HTML User facility help us to address on this 

issue.  Electron probe resolutions of both tools are less than 1 nm, that is, both the 

structure and chemistry probing are at an atomic level.  Based on the observations, a 

structure-related chemistry that exists in the boron-doped carbon nanofibers is revealed. 

 

The major pieces of knowledge that we have reached in this study are the following: 

1. Boron-doped carbon nanofibers with 5-18 at.% boron can be successfully 

synthesized by a catalytic CVD method. 

2. The structure of the boron-doped carbon nanofibers is inhomogeneous.  The local 

structure is intimately correlated with the boron distribution and their imposing 

strain. 

 

Based upon this knowledge we have proposed a model for nanotube/nanofiber growth 

that potentially provides effective control on the structure and chemistry of the boron-

doped carbons. 
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         Appendix A: The Synthesis Conditions of Boron-doped Carbon Nanofibers of Group I and Group II 
 

Flow rate and Partial Pressure  
Sample No. Material Deposition 

Temp. & Time Catalyst Total flow  
Total pressure BCl3 : C6H6 : H2 

Annealing 

I-1 
B-doped C 
nanofibers 800˚C  30min 

Ni film 
4.2 nm 

65 ml/min 
93.5  kPa 

10: 10: 45 
900˚C for 50 h 

in He 

I-2 
 

B-doped C 
nanofibers 800˚C  30min 

Ni film 
~4 nm 

65 ml/min 
93.5  kPa 

10: 5: 50 
900˚C for 50 h 

in He 

G
ro

up
 I 

I-0.5 
B-doped C 
nanofibers 800˚C  30min 

Ni film 
4.2  nm 

65 ml/min 
 93.5  kPa 

10: 20: 35 
900˚C for 50 h 

in He 

II-750C 
B-doped C 
nanofibers 750˚C  30min 

Ni film 
5 nm 

60 ml/min 
93.5  kPa 

10: 17: 33 900˚C for 10 h 
in He 

II-800C 
B-doped C 
nanofibers 800˚C  30min 

Ni film 
5 nm 

60 ml/min 
93.5  kPa 

10: 17: 33 900˚C for 10 h 
in He 

II-850C 
B-doped C 
nanofibers 850˚C  30min 

Ni film 
5 nm 

60 ml/min 
93.5  kPa 

10: 17: 33 900˚C for 10 h 
in He G

ro
up

 II
 

II-900C 
B-doped C 

fibers 900˚C  30min 
Ni film 
5 nm 

60 ml/min 
93.5  kPa 

10: 17: 33 900˚C for 10 h 
in He 

 
A 

B-doped C 
film 

750˚C  8h N/A 35 ml/min 
93.5  kPa 

4: 4: (He) 27 900˚C for 20 h 
in He 

 
B 

Carbon 
nanofibers 

800˚C  
30min 

Ni film 
4.2 nm 

65 ml/min 
93.5  kPa 

0: 10: 55 
900˚C for 24 h 

in He 
 
 


