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ABSTRACT

Several new allotropes of carbon have been discovered in recent decades with unique physical proper-
ties, enabling innovations in numerous applications from energy storage/conversion to water purification
to drug delivery. The exceptional versatility of carbon begs the question, are there other carbon allotropes
or mesoscale structures yet to be discovered? Herein, a unique mesoscopic tubular carbon is introduced,
referred to as Boron Ortho-carborane Doped (BOD) Carbon, which is obtained by boron doping of the
pseudo-graphite known as GUITAR (Graphite University of Idaho Tar). BOD-carbon exhibits a disordered
nano-graphitic structure with basal atomic planes aligned with the tube axis. While GUITAR consists
of overlapping downward curving structures, BOD-carbon consists of upward-curving hemispheres. The
change in the growth direction characteristic of BOD-carbon as well as its two-stage growth from spher-
ical to tubular, are attributed to B substitution of C and/or interstitial B, concomitant with a different
strain state that modifies the energy in C-C bonds as well as at the carbon-Si interface. This work demon-
strates that previously unobserved forms of graphitic carbon can be obtained by manipulating strain in
graphitic carbon at the atomic scale. BOD-carbon promises unique applications beyond the capabilities of

the already known carbon nanotubes.

© 2020 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

It is widely known that the properties of carbon-based mate-
rials are highly dependent on their morphology and carbon bond-
ing, i.e., sp?, sp?, or a mixture thereof. For example, graphite with
sp? bonding is conductive, while diamond with sp3 bonding is a
wide bandgap insulator. Similarly, the chirality of a carbon nan-
otube and/or its geometrical structure determines whether it will
be a semiconductor or a conductor [1-7]. Recently, superconduct-
ing carbon has been realized with misaligned graphene layers [8].
Furthermore, different carbon allotropes have unique properties
that enable carbon to be used in a wide variety of innovative ap-
plications, such as energy storage media [9,10]. While graphite is
one of the materials of choice for Li-ion batteries, fast charging can
lead to swelling and flaking [11] or breaking of the graphite parti-
cles into smaller particles [12], which diminishes its storage capac-
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ity or cycle life or leads to catastrophic failure [13,14]. However, it
has also been shown that some of these adverse effects can be al-
leviated by modifying the morphology of the carbon allotrope [15-
17] or incorporating carbon and another (other) element(s) into a
hybrid structure [18] or through fabrication techniques that protect
the graphite anode [19].

All of these examples show that the road to the discovery of
new and novel forms of carbon is through the development of
new techniques for simultaneously manipulating its bonding and
the morphology of the structures produced. In this direction, our
group has found that it is possible to control the morphology of a
graphitic carbon by the introduction of strain into its graphitic lat-
tice. Herein, we introduce a method for controlling the morphology
of graphitic carbon by modifying the bonding, and subsequently
the strain within nanographite, through the incorporation of boron
into the graphite lattice. We report on the successful use of boron
doping to produce a new tubular morphology of carbon, which
hereon will be referred to as Boron Orthocarborane Doped Carbon
or BOD-carbon. The process for producing BOD-carbon is based
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on an atmospheric pressure chemical vapor deposition (APCVD)
process developed by Cheng et al. [20-26] to produce a pseudo-
carbon known as GUITAR (Graphite from the University of Idaho
Tar). Due to its unique electrochemical properties [20,22,27], GUI-
TAR, in comparison to regular graphite, is a more favorable choice
in applications such as sensors [25], energy storage and conversion
[24], and water purification [28].

Previous experiments on the effects of doping of carbon-based
nanostructures [1,7,29-31] have primarily observed enhancement
of a specific property of the material, as opposed to morphologi-
cal changes. Doping also has the effect of changing carbon-based
materials from being a conductor to a semiconductor [1,3,5,6]. The
exception is nitrogen doping of carbon nanotubes (CNT) [2,7,31,32],
where morphological changes produce bamboo-like formations or
curling of the CNT. These morphological changes are typically ac-
companied by changes to their electrical conductivity [3,4,7,30,33]
due to distortions of the graphene lattice.

The intended goal of doping GUITAR with boron was to cre-
ate or increase sp3 bonding, and with sufficient inclusion of boron,
transform GUITAR into boron carbide (B4C) or produce regions
of B4C within GUITAR. The processes typically used to synthe-
size boron carbide results in low charge carrier diffusion coeffi-
cient [34], low fracture toughness and/or oxidation resistance [35].
Therefore, growing enhanced boron carbide-based materials that
have the unique properties of the GUITAR would be highly desir-
able.

Herein, we introduce a method for controlling the morphology
of graphitic carbon by modifying the strain within nanographite,
through the incorporation of boron into the graphite lattice. The
novelty of this approach is that B is doped in-situ with no need
of a metal catalyst. As a result, new and novel carbon structures
can be produced, as well as providing new insight into the use of
dopants to predetermine the morphology of carbon materials.

2. Boron ortho-carborane doped (BOD) carbon morphology

While B-doping of graphitic materials is known to modify their
electrochemical and optical properties [1,5,10,32,36-38], signifi-
cant changes to their morphology have not been reported. Sur-
prisingly, this is not the case with GUITAR, even though it is a
nanographitic material. As we will show, the morphology of un-
doped GUITAR lends itself to the formation of the structures re-
ported herein when B is incorporated into the graphitic structure.
Displayed in Fig. 1 is a montage of scanning electron micrographs
of BOD-carbon grown for one hour at 900 °C on a Si substrate. At
low magnification (Fig. 1a), BOD-carbon appears to be a medium
density array of carbon filamentary structures. Closer examination
reveals that the filaments range in length from ~9-20 um and are
open-ended (Fig. 1b), however, the ends of some do taper down,
or occasionally, completely close. The medium resolution top-down
view reveals the hollow nature of the structures (Fig. 1c). The high-
resolution SEM image in Fig. 1d reveals that the BOD-carbon struc-
tures are microns across and have extremely thick walls in the
range of 50-100 nm. The dimensions of the BOD-carbon filaments
far exceed those reported for large diameter CNT [39-42] or multi-
walled CNT [43-46]. The atomic concentration of B in BOD-carbon
in this study has been determined to be 3.0 & 0.6 % based on X-
ray photoelectron spectroscopic (XPS) analysis (See supporting in-
formation for more details, Fig. S1).

To further confirm that boron is present only in the BOD-carbon
structures, energy dispersive X-Ray Spectroscopy (EDS) measure-
ments were taken on a sample where the structures did not com-
pletely cover the wafer (see Fig. S2a). Two localized areas were
studied: region 1 with a bundle of tubular BOD-carbon and region
2 with no structures, i.e. pure GUITAR. EDS spectra show B, C, O
and Si peaks in region 1 while only C, O and Si peaks are seen in
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Fig. 1. Images of the BOD-carbon structures. a,b, Scanning Electron Microscopy
(SEM) image for an ensemble of tubular BOD-carbon top and side view of the struc-
tures clearly showing large area covering. ¢, High magnification images of the tubu-
lar BOD-carbon. d, a close up of a single BOD-carbon opening showcasing the thick-
ness of the wall.

region 2 (See Fig. S2b and S2c). Therefore, the conclusion is that
boron is needed to form the new BOD-carbon morphology.

Transmission electron micrographs (TEM) of the BOD-carbon
filaments (Fig. 2a-2b) confirm that they are indeed hollow. The
BOD-carbon filaments do not exhibit the bamboo-like morphol-
ogy characteristic of MWCNT structures [47,48] and, therefore, are
not a member of this family of materials and, thus, exhibit a new
mesoscopic morphology of carbon. High magnification TEM images
(Fig. 2c-2d) of the wall of an individual BOD-carbon filament show
that the wall is composed of disordered layers of nanographite,
similar to the structure of GUITAR [27]. The graphitic layering of
the filaments is likely why they are hollow, as opposed to solid
carbon microfibers. The similarities between the microstructure of
BOD-carbon and GUITAR suggest that the inclusion of B and sub-
sequent formation of tubular carbon cannot be attributed simply
to a higher degree of disorder of the layered structure of GUITAR,
but instead, B inclusion affects bonding within the graphite layers
and bonding between graphite layers. One can see from a closer
examination of TEM images in panels (a) and (b) of Fig. 2 that
there are three types of terminations of the BOD-carbon filaments
- flared outward, straight, or closed. In nearly all cases, the inner
diameter of the filament increases, while the outer diameter for
the most part remains constant. This is most apparent in panel
(b) in Fig. 2 of a closed-ended filament. We suggest that this is
a result of strain associated with B inclusion in and at the edges
of the graphite sheets within the BOD-carbon filament and critical
to understanding their formation. A selected area diffraction (SAD)
pattern (See Fig. S3) indicates that BOD-carbon is a polycrystalline
form of carbon with an interlayer spacing of 0.45 nm. While this
is close to the interlayer spacing for graphite oxide [49-52], X-ray
photoelectron spectroscopic analysis and Raman spectroscopy (Fig.
S4) of BOD-carbon do not correlate with graphite oxide.

3. BOD-carbon nucleation and formation

To understand how B doping alters/impacts the GUITAR pro-
cess and, ultimately, leads to the formation of BOD-carbon tubu-
lar filaments, we must develop growth models for both GUITAR
and BOD-carbon. In the original GUITAR process [20,21,23], sulfur
(S) facilitates carbon nucleation by dissociating CO, CO,, and hy-
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Fig. 2. Evidence of a layered but disordered graphitic structure. a,b, Transmission Electron Microscopy (TEM) images of a bundle of tubular BOD-carbon and a tip of a closed
tubular BOD carbon. c,d, High magnification images of the side of a BOD-carbon tubular structure.

a

Fig. 3. Stages of the BOD carbon formation. a,b, High magnification SEM images of a BOD carbon structure at the completely formed and early stage.

drocarbons and carrying away O and H in the form of SO, and
H,S, respectively. In other words, S serves as a promotor for the
rapid formation of GUITAR. Typically, the initiation of GUITAR for-
mation is the emergence of a yellow vapor from the exhaust end
of the tube furnace. Note that S is used in the vulcanization of
rubber [53,54], where it promotes crosslinking. We believe that it
serves the same purpose in the GUITAR process [20,21,23]. While
GUITAR has a layered structure that exfoliates, unlike graphite, the
thickness of the exfoliated layers is on the order of microns [20].
Furthermore, the microstructure of GUITAR is an agglomeration of
carbon hemispheres ~50-100 nm in diameter [27].

We begin by examining the initial phases of the growth of BOD-
carbon. Displayed in Fig. 3a is an SEM image of a typical BOD-
carbon filament that is analogous to a hair strand with the follicle
attached. The initial growth can best be described as an ellipsoidal
structure (follicle) from which the tubular structure (hair) emerges.
The inner core of the follicle can be observed with SEM in the for-
tuitous case where the tube has separated just above the follicle.
One such example is displayed in Fig. 3b. The follicle consists of
an inner closed core (highlighted in blue) and an outer wall that
continues to grow to form the walls of the BOD-carbon filament.
While not a topic of this report, the length and wall thickness of
the BOD-carbon filaments depends on the growth time and the ra-
tios of the boron precursor to the carbon precursor to sulfur in the
bubbler.

To better understand the formation of BOD-carbon, atomic force
microscope (AFM) mapping of the backside of delaminated films
of GUITAR and BOD-carbon have been carried out and displayed in
Fig. 4. In the case of GUITAR, the backside of the film is relatively
smooth except for some circular pits (Fig. 4a). The RMS rough-
ness of the backside of GUITAR is 0.3 nm in the pit free regions
and the average diameter of the pits is 58 + 12 nm. In contrast,
AFM mapping of the backside of the delaminated films of BOD-
carbon (Fig. 4b) reveals an extremely rough surface consisting of
clusters of hemispherical bumps, reminiscent of the top surface of

GUITAR, with an RMS roughness of 8.5 nm or 28 times rougher
than the backside of GUITAR. The average diameter of the bumps
is 105 £+ 15 nm.

4. Discussion

It is the opinion of the authors that the dramatic change in the
morphology of GUITAR with B-doping is not concomitant with a
dramatic change in the growth mechanism of GUITAR but, instead,
is a consequence of B-induced strain of the hexagonal sp? bonded
carbon lattice and disorder associated with increased sp® bonded
carbon. Consequently, a modification of a model of the formation
of GUITAR is the starting point for developing a model for BOD-
carbon. We will present a model of GUITAR formation and then
expand this model to include the effects of B-doping and the re-
sulting BOD-carbon morphology.

The morphology of the top surface of GUITAR is best described
as an agglomeration of carbon micro-hemispheres with diameters
ranging from tens to hundreds of nanometers [27]. The graphite
hemispheres or carbon onion structures [48,55], as some have de-
scribed them, form one atop another, where AFM images of the
top surface are reminiscent of the AFM of the backside of re-
leased BOD-carbon in Fig. 4b. We postulate that the pits or voids
in the AFM image of the backside of released GUITAR in Fig. 4a
are the unfilled centers of the graphite hemispheres forming GUI-
TAR, where not all of the hemispheres possess these voids. Our
model of the formation of the graphite hemispheres of GUITAR
is schematically presented in Fig. 5. Avogadro software [56] was
used to construct and calculate the ground state energies of a large
and small freestanding flat graphene sheets, and lastly, a graphite
hemisphere, as expected from the formation of the hemispheres
in GUITAR [27]. Interactions between the graphene sheets and the
substrate or between sheets have not been included in this calcu-
lation but having simulations on the graphene planes can give us
a basic idea of what to expect after doping.
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Fig. 4. Surface morphology of GUITAR and BOD-carbon. a,b, Atomic Force Microscope (AFM) images for GUITAR and BOD carbon. The top corners on each image show the

line analysis for each image.
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Fig. 5. Modeling the B incorporation into the carbon lattice. Three different models
for a carbon lattice (on the left) and how these are affected by B inclusion (struc-
tures on the right). Total energies are included on top of each model. Bottom of
the image shows a schematic representation of the onion-like structure for GUITAR
(bottom left) and the tubular formation for BOD carbon (Bottom right).

As expected, the smaller flat sheet of graphene is the lowest en-
ergy state and energetically favored over the curved sheet. We pos-
tulate that the interface interaction significantly lowers the ground
state energy of the curved graphene sheet, such that it is the favor-
able microstructure of GUITAR. While not a topic of this work, sul-
fur may affect the interface dynamics/energy and further enhance
the curvature of the graphene sheets by accelerating the growth of
GUITAR, which results in defects that distort the lattice and leads
to strain.

Raman spectroscopy can provide important information about
strain in graphitic materials based on the position of the D and G
bands. The Raman D and G bands of GUITAR are at 1355 and 1601
cm~!, respectively, and the ratio of the band intensities, I(D)/I(G),
is 0.91, which is consistent with the value reported in the GUITAR
literature [20,22,23,57]. The fact that the position of the G band of
GUITAR [27] is closer to that of a single-wall carbon nanotube than
graphene [58,59] implies that the nanographite sheets of graphitic
hemispheres are strained due to their curved morphology and con-
sistent with the model in Fig. 5.

Based on the above model for GUITAR, we have concluded that
B doping of GUITAR modifies the strain within the graphite hemi-

spheres and that this drives the filamentary morphology of BOD-
carbon. To support this conclusion, we have modeled the inclu-
sion of B within a carbon lattice and corresponding lattice dis-
tortions. The lowest energy state of graphene with B substituted
for C has been recalculated with Avogadro and the correspond-
ing geometry determined. The results of the calculation are pre-
sented on the right side of Fig. 5. Boron substitution significantly
reduces the energy of the lowest energy state of all three geome-
tries calculated for graphene on the left side of Fig. 5. In the case
of the two flat graphene structures, the lowering of the energy of
the system is achieved by a distortion of the lattice and a corre-
sponding curvature of the graphene sheet. In the case of the al-
ready curved graphene sheet, B inclusion alone does not invert its
curvature, but the interaction between planes will do so due to the
crosslinking between layers facilitated by the increase of sp3 car-
bon bonds [30,60]. It is already known that B introduces in-plane
structural strain in mesocarbon microbeads [61] and that B substi-
tution slightly deforms layers on highly oriented pyrolytic graphite
(HOPG) [36]. In the context of GUITAR, B-doping will produce an
upward curving morphology relative to the substrate, which is due
to the additional strain out of plane or between planes generated
by the sp3 carbon sites. The Raman spectrum of BOD-carbon sup-
ports the conclusion of B induced strain. Specifically, the G band
of BOD-carbon is at 1593 cm~!, a downshift of 8 cm~! relative to
GUITAR. Corro et al. [59] have shown that tensile strain produces a
shift of the G band of graphite and graphene related materials. The
position of the D band of BOD-carbon is at the same wavenum-
ber as GUITAR, however, the ratio of the intensities of the D and
G bands, I(D)/I(G), is 0.97, as compared to 0.91 for GUITAR (See
Fig. S4). The increase of I(D)/I(G) of BOD-carbon is attributed to
increased disorder relative to GUITAR and a concomitant increase
in sp3 bonding. This conclusion is further supported by X-ray pho-
toelectron spectroscopy of GUITAR and BOD-carbon. For undoped
GUITAR, the C 1s core level peak consists of a primary peak at a
binding energy of 284.6 eV that is associated with sp? bonding
and an asymmetric tail that is characteristic of carbon with high
concentrations of sp? bonding [62]. For BOD-carbon, the primary C
1s core level peak is at a lower binding energy of 284.0 eV, where
this shift is associated with the formation of C-B bonds [62-64].
Based on the SEM and TEM micrographs, Raman and XPS
spectroscopies, and the literature, we have developed a model of
BOD-carbon filament formation based on B-induced strain of the
graphitic carbon lattice. The model is summarized in the bottom
two illustrations in Fig. 5. Simply stated, tensile strain within the
graphene sheets forming the nanographite of BOD-carbon flips the
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direction of curvature of the GUITAR carbon hemispheres, such
that the growth direction is now normal to the substrate. This is
supported by the lower wavenumber shift of the Raman G band of
BOD-carbon relative to GUITAR, which corresponds to tensile strain
[59], and modeling of the effect of B-doping of the graphene lat-
tice. As a consequence of the growth normal to the substrate, the
carbon hemispheres of GUITAR continue to grow. However, because
of the tensile strain, the carbon hemispheres attempt to close. The
radius of the inner core of the hemisphere can accomplish this
feat, where we hypothesize that this is due to the combination
of the tensile stress and the Van der Waals attraction between
graphene sheets. However, at larger radii, the tensile stress and the
Van der Waals attraction is insufficient, and the outer layers of the
carbon hemisphere decouple from the inner core and, instead, con-
tinue to grow vertically to form the tubular filament. The closed
core and ellipsoidal follicle that tapers before the hollow filament
forms in Fig. 3 supports the model. The strength of the model is
its simplicity and that it incorporates known phenomena of carbon
formation. More importantly, it suggests that strain can be utilized
as a growth parameter for designing macroscopic forms of carbon
with attributes specific to a proposed application.

5. Outlook

While BOD-carbon filaments are hollow like well-known CNT,
they are significantly different and, therefore, are amenable for
use in applications that are beyond the capabilities of CNT. The
ability of only 3% of B doping to completely invert the curva-
ture of the carbon hemispheres of GUITAR and create macro-
scopic hollow tubular structures compels one to consider the pos-
sibility of creating macroscopic carbon structures that have at-
tributes of nanographite and the free space within that can read-
ily be filled with any manner of material. Furthermore, utilizing
doping-induced strain as a tool for designing macroscopic carbon.
Note that the observed phenomenon is unlikely to translate to the
nanoscale due to the relative strength of Van der Waals forces at
this scale.

Although past research has shown that B doping of graphene
speeds up Li diffusion through sheets and enhances battery capac-
ity [65,66], we believe that if diffusion through the walls of the
BOD-carbon is possible, there are clear advantages to using this
material in a Li-lon battery electrodes and hydrogen absorption.
It has already been demonstrated that B doping of graphite dra-
matically increases hydrogen absorption [67], but the hollow na-
ture of BOD-carbon allows hydrogen to absorb into the inner and
outer walls, thereby increasing absorption/desorption rates and ca-
pacity. Depending on the B concentration, H will absorb preferen-
tially near B atoms and promote the formation of H clusters [68].
Thus, controlling B content will allow us to tune the H absorption
of this material. BOD-carbon undoubtedly has the potential to im-
prove energy storage and hydrogen absorption technologies.

It has also been shown that B inclusion reduces the oxidation
of the carbon at high temperatures [29,37], therefore, protecting
structures from corrosion. Also, the fact that these new structures
are mesoscopic and hollow makes them suitable for various ap-
plications requiring large surface areas, as previously mentioned.
As for drug delivery and water purification with BOD-carbon, fur-
ther research is needed, however, since a metal catalyst is not used
in the growth process, there is promise that this will reduce their
toxicity.

This all alludes to the tunability of these structures, and subse-
quent other morphologies, whereby controlling the B content one
can cater the morphology to specific applications. As stated be-
forehand, B concentration matters for many different applications
therefore careful engineering of this could indeed lead to a favor-
able material. Although the results presented here represent re-
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search quantities grown on Si wafers, BOD-carbon can be grown
on other substrates and without planar surfaces, i.e. substrate in-
dependent growth. This supports the conclusion that growth is pri-
marily driven by the relative ratios of the precursors, growth time,
and the APCVD process. This is a desirable attribute that will en-
able BOD-carbon to be utilized in a broad range of applications.

Further exploration of the BOD-carbon process is the key to
unlocking the full potential of the GUITAR process in conjunction
with doping, be it B, N, etc. Consequently, ongoing studies continue
to further elucidate the subtle effects of B-doping on the GUITAR
process and subsequent electrical and chemical properties of BOD-
carbon.

6. Methods
6.1. Samples preparation

Boron ortho-carborane doped (BOD) carbon mesoscopic struc-
tures were synthesized on RCA cleaned Si substrates by atmo-
spheric pressure chemical vapor deposition (APCVD). A schematic
of the APCVD system is shown in Fig. S5. The system consists of
a horizontal tube furnace (Thermo Scientific Lindberg/Blue M), a
quartz tube that serves as the reactor, a hot plate/stirrer (Corning),
and a bubbler. Different quantities of ortho-carborane (Katchem)
and sulfur (Fisher Scientific) were added to 100 mL 99 wt% cyclo-
hexanol (Sigma Aldrich) to obtain different mesoscopic morpholo-
gies. The mixture B/sulfur/cyclohexanol was heated and magneti-
cally stirred during the entire process. Substrates on a ceramic boat
were placed in the hot zone of the furnace and the furnace tem-
perature was ramped up under a constant flow of N,. N2 was also
used as the precursor carrier gas. The furnace was heated to 900
°C and solution to about 120 °C and maintained during the growth
process. Deposition times ranged from 10 min to 1 h, where the
clock started once the furnace reached 900 °C. The reactor tube
was cleaned prior to each growth.

The APCVD process involves the pyrolysis of a material with a
large molar fraction of carbon in the presence of sulfur. Sulfur acts
as a promoter of carbon nucleation in the APCVD process that al-
lows one to produce reasonable quantities of GUITAR in a short
amount of time, which makes this technique very attractive.

6.2. Characterization

An EI Quanta 600 Field Emission Scanning Electron Micro-
scope (FESEM) equipped with a Bruker EDS and HKL EBSD was
used to acquire micrographs of the samples. Double-sided car-
bon tape was used to mount the samples to the FESEM sample
posts. Transmission Electron Microscopy (TEM) micrographs were
acquired with a JEOL JEM-2100 with Bruker EDS. Atomic Force Mi-
croscopy (AFM) measurements were performed with a Nanosurf
Easyscan 2. Both GUITAR and BOD carbon samples were exfoliated
with scotch tape. X-Ray photoelectron spectroscopy (XPS) was per-
formed in an ultra-high vacuum system (UHV) with a base pres-
sure of 6.0 x 1010 Torr. The XPS spectra were acquired using the
Al-Ka emission line from a dual anode X-ray source (Physical Elec-
tronics XR 04-548) operated at 400 W and an incident angle of
54.7°. Raman spectra were acquired by a WITec alpha300 micro-
Raman system, equipped with a 532 nm excitation laser. The signal
was accumulated for 200 s employing an 1800 lines/mm grating,
20x objective lens, incident laser power of 2.5 mW, and laser spot
of 10 pym diameter. The BOD-carbon Raman peaks exhibited pho-
tothermal shifts above an incident laser power of 3 mW. There-
fore, the acquisitions were performed at 2.5 mW incident power
for both GUITAR and BOD-carbon samples.
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