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ABSTRACT: The single-step reaction of benzene and boron tribromide —
in a closed reactor at elevated temperature (800 °C) results in the DP\

synthesis of bulk boron-doped graphitic carbon. Materials of continuously AN / -

tunable composition BC,’ are accessible (x > 3), exhibiting the structure
of a solid-solution of boron within turbostratic graphite (G’). Upon
extended heat treatment or at higher temperatures, graphitic BC,  is
leached of boron and undergoes a phase separation into boron carbide and
graphite. Higher boron content is correlated with an increased maximum
capacity for alkali metal ions, making graphitic BC,” a promising candidate
anode material for emerging sodium-ion batteries.

I + Graphite 1

1. INTRODUCTION
2500

Graphite, the stable allotrope of carbon at ambient conditions,
has an archetypical layered crystal structure, a semimetallic
electronic band structure, and extremely high chemical and heat
resistance, and therefore wide-ranging fundamental and
technological applications. Its well-known intercalation com-
pounds, especially of alkali and alkaline earth metals, are of
particular interest in energy storage applications (e.g.,, as the
anode material in lithium-ion batteries). The substitution of
carbon within the graphitic lattice by heteroatom dopants
(especially neighboring elements boron and nitrogen) has been
investigated for over S0 years as a route to adjust the physical
and electrochemical properties of graphite.l_3 In particular, the
substitution of carbon by boron can be seen as a simple
chemical method to introduce electron deficiency into graphite, . .
lowering the Fermi level as in a p-doped semiconductor and 0 25 50 75 100
leading, for exarr}gle, to an increased capacity for intercalated B (at%)

alkali metal ions.” Structural changes in the graphite structure

are also inherent to boron substitution, due to a difference in Figure 1. Boron—carbon binary phase diagram,"” at ambient pressure,
bond length and a softening of the bond character. Despite comprising the following distinct phases: graphite (Graphite), boron
such changes, the carbon—boron binary phase diagram is carbide (Carbide), ﬁ—rhombohe.xliral boron. (Boron), and liquid (/’)'
notable for the high solid solubility of its constituents within Metastable, boron-doped graphitic carbon is also shown (Graphite’).

the primary ambient-pressure phases: graphite, f-rhombohedral B o . ]
boron, and boron carbide, as shown in Figure 1. solubility of 25 atom % boron within polycrystalline graphite

. 6 . T
Solid-solutions of boron in graphite were first reported by thin-films was reported.” In this case, nonequilibrium, bottom-

Lowell in 1967; a maximum of 2.35 atom % B could be up synthesis methods were employed by reacting benzene and
BCl; on the surface of a silica substrate under chemical vapor
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deposition (CVD) conditions at 800 °C. The compound
corresponding to highest boron content, having the approx-
imate composition BC;, was determined to have a layered
structure similar to graphite but of significant turbostratic
nature. Other similar routes to thin-films of boron-containing
graphitic carbon via the CVD of benzene/BCl;,*” acetylene/
BCl,,"* and triphenyl boron'" were also subsequently reported.
All such syntheses of high boron content materials were
performed at temperatures of <1000 °C to take advantage of
kinetically hindered, nonequilibrium states. At higher temper-
atures, a phase separation into boron carbide and graphite
occurs, leading to the conclusion that graphitic BC, with 3 < «
< 39 (2.35—25 atom % boron) is a metastable compound of a
fundamentally different type than that of boron-poor
compositions (<2.35 atom % boron)."”” Therefore, CVD-
obtained graphitic thin-films of high boron content and
significantly higher structural disorder than equilibrium BC,
are referred to herein as thin-film BC,’.

The 1986 discovery of thin-film BC;® has led to three
decades of interest in finding a route to the corresponding bulk
(free-standing) material and especially with the goal of
obtaining an ordered, crystalline structure with one of the
multiple low energy stacking sequences predicted by ab initio
calculations.”” This endeavor has largely been inspired by
numerous promising properties of such a theoretical material:
unique electronic properties,”’ desirable hydrogen absorption
characteristics under mild conditions,' "> and vastly increased
capacity for alkali metal ion intercalation.'*™"® In 2015, a
synthetic route to a bulk BC,’ material of composition x =~ 3
was reported by King and co-workers, via a molecular tiling
strategy.w This material, referred to herein as tiled BC,/, did not
meet the expectations of the hypothetical ordered BC; material
predicted by theory, owing to a high degree of structural
disorder as apparent by diffraction and spectroscopy character-
ization techniques. However, the potential shortcomings of that
synthetic approach are multifold, in particular with respect to
the long time, high cost, and significant likelihood of oxygen
incorporation during the 2—3 step organic synthesis of the
molecular tile precursor.

In this work, we present a novel direct synthesis route to
bulk, high boron-content graphitic carbon (BC,’) and describe
its properties and potential applications. Two readily available
liquid precursors were selected as the sources of boron and
carbon: boron tribromide (BBr;) and benzene, respectively.
Oxygen-free solutions containing the desired B:C ratio
corresponding to x > 3 could be directly pyrolyzed in a sealed
quartz tube at elevated temperatures, and the resulting bulk
products were investigated. The materials obtained were
turbostratic graphitic carbon of widely tunable boron
concentration: i.e., bulk BC,'. Their structure and composition
were deduced by a combination of X-ray diffraction (XRD),
Raman, and solid-state NMR spectroscopy and heavy-ion
elastic recoil detection analysis (ERDA), showing significant
improvements in structural order and purity over that of tiled
BC,’. Finally, investigations of alkali metal ion insertion in
directly synthesized bulk BC," are presented, and a potential
application in sodium-ion batteries (SIBs) is discussed.

2. EXPERIMENTAL SECTION

Materials. The following materials were obtained for routine
comparison to directly synthesized BC,’: natural Kish graphite (grade
200, Graphene Supermarket), fS-rhombohedral boron (60 mesh,
Johnson Matthey), boron carbide (325 mesh, Johnson Matthey),
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disordered carbon (prepared by the direct pyrolysis of pure benzene in
a closed quartz tube at 800 °C for 1 h via a 60 °C h™! ramp, identically
to that of directly synthesized BC,” with x = o), and tiled BC,’
(prepared by the method described elsewhere'”). The following
materials were used to prepare the electrochemical cells: stainless steel
coin cell cases (CR2032, Hohsen Corp.), lithium foil (0.17 mm thick,
MTI Corp.), sodium metal (ACS reagent grade, dry, Sigma-Aldrich),
glass microfiber filters (0.7 mm thick, 25.7 mm diameter, GF/D grade,
no. 1823-257, Whatman), ethylene carbonate (EC, < 20 ppm of H,0,
Novolyte), dimethyl carbonate (DMC, < 20 ppm of H,O, Novolyte),
and propylene carbonate (PC, < 20 ppm of H,0, Novolyte).

Direct Synthesis of Bulk BC,'. A solution of boron tribromide
(99.9%, Acros Organics) and benzene (anhydrous 99.8%, Alfa Aesar)
was charged into a quartz reaction tube (20 cm length, 1.6 cm inner
diameter, closed at one end) inside a glovebox under inert Ar
atmosphere (<0.1 ppm of H,0, < 0.1 ppm of O,). The volume ratio of
BBr;:C¢H was determined by eq 2 (e.g., 265:124 uL for BC;'). The
open end of the tube was closed with a Swagelok Ultra-Torr adaptor,
removed from the glovebox, and connected to a stainless steel Schlenk
line. The tube was evacuated to 107> mbar with the lower half
submersed in liquid nitrogen and then flame-sealed under vacuum.
The sealed tube was placed within the 25 cm uniform temperature
zone of a horizontal tube furnace (Gero FST 13/70/500) and heated
to the temperature set point via a 60 °C h™! ramp. The set
temperature was held for 1—24 h and then slowly cooled to 150 °C at
which point the oven was opened and the tube removed. After cooling
to ambient, the tube was carefully opened by a diamond-bladed saw,
releasing the overpressure of gaseous reaction products into a fume
hood (caution: care should be exercised in this step as HBr is
released). The solid product was removed, washed with deionized
water, acetone, and then water again, and then dried under vacuum at
150 °C before further analysis. Typical yields ranged from 30 to 150
mg per batch (see Figure S1).

Materials Characterization. Powder X-ray diffraction (XRD)
measurements were performed on a STOE STADI P diffractometer
using Cu Ka, radiation (1 = 1.54 A). Scanning electron microscopy
(SEM) was performed using an FEI Quanta 200F microscope
operated at 1 kV. Samples were prepared for SEM by depositing onto
carbon foil on an aluminum plate and investigated without further
coating. Raman spectroscopy was performed using a high-resolution
confocal microscope (Ntegra Spectra, NTMDT Inc.) equipped with a
632.8 nm HeNe laser at an incident power of 1.7 mW for excitation at
room temperature. Nitrogen adsorption isotherms were measured at
77 K between 10~ and 100 kPa using an automated volumetric
instrument (BELSORP-Mini, BEL Japan Inc.). Surface areas were
calculated by the Brunauer—Emmett—Teller (BET) method between
P/P, = 0.005—0.2.

Solid-State NMR. 'B and "*C solid-state NMR experiments were
performed using a Bruker 16.4 T spectrometer equipped with a
conventional 2.5 mm double resonance narrow-bore MAS probe and
an Avance III console. The sample was prepared by grinding in
acetone, dried, filled into a 2.5 mm zirconia rotor, and measured at
room temperature with a MAS frequency of up to 20 kHz. The
MQMAS spectrum was acquired with a triple-quantum (3Q) MAS
pulse sequence for odd half-integer spins (from the Bruker programs
list) consisting of 3 pulses, with full echo acquisition and using a split-
t; mode:*° [excitation—t; (3Q)—conversion—opt.t; (1Q) —T—Tejective—
acquisition]. Calibration of the indirect dimension was performed
according to the previously established procedures.”’ Detailed
measurement parameters are given in Tables S1—S3 in the Supporting
Information. The "B chemical shift was determined with reference to
BF; ethyl etherate.”

Elemental Analysis. Elemental composition was investigated by
heavy-ion elastic recoil detection analysis (ERDA) under a beam of
27I” ions at 13 MeV. The samples were prepared by mounting with
cyanoacrylate glue on an aluminum plate, using large flakes (up to 1 X
1 cm) that covered the glue from exposure to the beam. The angle of
incidence was 18° with respect to the sample surface, and the
scattering angle was 36°. Scattered recoils were identified by a
combination of a time-of-flight spectrometer with a gas ionization
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chamber, as reported elsewhere.”® The C:B ratio was determined by
fitting the '°B, "B, and C peaks with exponentially modified
Gaussian distributions. The '°B:''B isotopic ratio was fixed according
to the measured value obtained for boron nitride as an external
standard (1:4.4), and the integrated intensity of '°B, 'B, and "*C was
converted into relative composition using their unscreened recoil cross
sections.

Electrochemical Characterization. Coin-type LIB and SIB cells
were assembled in a glovebox under inert Ar atmosphere (<1 ppm of
H,O, <1 ppm of O,) using a single layer glass microfiber separator
between the electrodes. Large, neat flakes of bulk BC,’ served as the
working electrode, and metallic lithium (for LIBs) or sodium (for
SIBs) served as both the reference and counter electrode in each cell.
Common nonaqueous electrolytes were selected: 1 M LiPF4 in
EC:DMC (1:1 by volume) for LIBs and 1 M NaClO, in PC for SIBs.
Cells were electrochemically cycled between 0.01 and 2.50 V using a
multichannel workstation (Lanhe CT2001A). The measured charge
capacities were normalized by the total mass of active material (~1 mg
cm ™2, no binder or conductive additive were used).

3. RESULTS

Synthesis. A single-step approach to achieve bulk graphitic
BC,” materials of tunable composition from two readily
available, miscible liquid precursors is presented. The neat
liquids, benzene and BBrj, can simply be combined at room
temperature in the desired B:C molar ratio of the final product
for compositions of x > 3. This homogeneous mixture is then
sealed inside an evacuated quartz tube of appropriate volume
(to accommodate the release of gaseous byproducts) and
uniformly heated to pyrolysis temperature. The proposed
reaction scheme is

*C.H, + BBr; - BC, + 3HBr + (’6—3)1{2
6 2 (1)

Upon heating beyond 550 °C, significant pyrolysis is visibly
apparent, but conversion to a product with metallic appearance
(within 1 h) does not occur below 800 °C. Upon cooling and
opening the reactor, a significant overpressure consisting of
dense vapors of HBr is released. The product can then simply
be collected, washed, and dried for further analysis. In a typical
synthesis, the quartz reactor is heated at 60 °C h™" up to 800
°C, held for 1 h, and then cooled to ambient temperature at no
specific rate, culminating in a total duration of <24 h from
initial solution preparation to collection of the final product.
The directly synthesized BC,, obtained in quantitative yield, is
simply washed and recovered in the form of 0.1—1 cm flakes
(2—S pm thick) with a dark metallic luster as shown in Figure
2. High symmetry hexagonal structures could be observed on
the smooth outer surface of the flakes, indicating regions of
well-ordered structure. The initial B:C ratio in the liquid
reaction mixture (as a function of the volumes of the
precursors) is used herein as the nominal composition of the
final material, BC,'. It is determined by the simple expression

Vi)enzene
x = 638———— + 5.1%
VBBr3

)

The error in this nominal composition is determined by the
pipet used to measure the precursor volumes. The model
material, that of nominal precursor ratio corresponding to x = 3
and synthesized at 800 °C for 1 h, has the darkest, reflective
black appearance and is referred to hereafter as directly
synthesized BC;'.

Structure. The X-ray diffraction (XRD) pattern of directly
synthesized BC;" shows the characteristic features of turbos-
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Figure 2. Typical SEM micrographs of BC;' synthesized at 800 °C.

tratic graphite with an average interlayer spacing of 3.5 A (see
Figure 3). Importantly, no other crystalline phases are present.
The broadness of the (002) peak between 20 and 30° in 26
(fwhm of 4.1°) is indicative of significant disorder in the
interlayer spacing, a sign of incomplete graphitization that is
also consistent with structural inhomogeneities arising from
boron substitution within the graphitic lattice. In samples
pyrolyzed at higher temperatures (e.g, at 1050 °C for 1 h), the
fwhm of the (002) peak is reduced to 3.0° indicating higher
structural order, but extended treatment at high temperature
(e.g, at 1050 °C for 24 h) results in the formation of boron
carbide. A low specific surface area of 7—9 m* ¢! was measured
by N, adsorption at 77 K for all samples of BC,’ tested, which
is comparable to typical samples of polycrystalline graphite.”*
The *C MAS NMR spectrum of directly synthesized BC,’ is
also typical of polycrystalline graphitic carbon, showing a single
broad feature centered at 123 ppm which is indicative of
exclusively sp*hybridization (Figure S2).

Composition. The elemental composition of directly
synthesized BC,’ is not easily discernible by typical methods
such as energy-dispersive X-ray spectroscopy (EDX), X-ray
photoelectron spectroscopy (XPS), or electron energy-loss
spectroscopy (EELS) owing to the similar chemical nature of
boron and carbon and the bulk nature of the material (i.e.,
being too thick for EELS or XPS). Heavy-ion elastic recoil
detection analysis (ERDA), however, presents a powerful
technique for the detection of light element compositions in
bulk materials, yielding depth profile information up to 250 nm
below the surface.”> The results of ERDA experiments of BC,’
under a beam of '*I" projectiles at 13 MeV are shown in
Figure 4. The molar ratio of carbon to boron is measured to be
52 + 1.0, 8.0 + 1.8, and 10.3 + 4.2 for samples of nominal
composition BCy’, BC,/, and BCy,/, respectively (where the
error is inherently larger for higher values of x but is roughly
similar in units of atom % boron). Identical measurements of a
boron carbide standard (B;,C;) give a boron to carbon ratio of
2.5 + 0.2 instead of the nominal 4; therefore, “corrected”
ERDA elemental compositions are also shown in Figure 4 that
account for the difference in the measured and nominal
composition of the Bj,C; standard. The highest corrected
boron content is exhibited by BC; synthesized for 1 h at 800
°C, with an average composition over numerous samples
corresponding to x = 3.2. Samples synthesized at higher
temperature (e.g., for 1 h at 1050 °C) show a lower content of
boron by ERDA methods, e.g, corresponding to x = 4.5=7.3
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Figure 3. XRD patterns of BC;" synthesized at 800 and 1050 °C for 1 h. Samples held at 1050 °C for 24 h showed evidence of boron carbide

formation (indicated by asterisks).
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Figure 4. Elemental composition of BC,’ samples synthesized at 800
°C (filled symbols) or 1050 °C (empty symbols) as determined by
ERDA using 'I" projectiles. The corrected values (black) are
calculated based on calibration using a boron carbide standard.

(see Figure 4). Overall, a modest agreement exists between the
nominal composition and the measured/corrected composi-
tions for all samples of BC,'. Oxygen contents of up to 7 atom
% are also detected, consistent with that found in disordered
carbon synthesized from pure benzene in the same conditions
and typical of most carbonaceous materials synthesized at
temperatures below 1000 °C.

Boron Environment. The nature of boron inclusion within
directly synthesized BC,’ has been examined herein by a
combination of solid-state NMR and Raman spectroscopy
measurements. The ''B multiple-quantum magic-angle spin-
ning (MQMAS*®) NMR spectrum of directly synthesized BC;’'
is shown in Figure 5. Two distinct signals are observed with
isotropic shifts at 30 and 19 ppm. They show only little
quadrupolar broadening and some isotropic broadening due to
site disorder. The isotropic quadrupole contribution induces a
shift of S ppm in both signals. The dominant chemical shift
region around 30 ppm corresponds to the chemical environ-
ment of B—C bonding in trigonal planar symmetry,'”"
especially with more electronegative carbon types”’ (ie., sp*
carbon rather than sp*). Contributions from B—O bonding in
trigonal planar symmetry are consistent with the secondary
signal around 19 ppm (expected at 0—20 ppm at 16.1 T).”**
Bonding to bromine cannot be completely ruled out (expected
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Figure 5. ''B MQMAS NMR spectrum of BC; synthesized at 800 °C
(color indicates higher intensity from dark red to orange). Calibration
of the indirect dimension was performed as described by Amoureux
and Fernandez.'

at ~40 ppm for BBr; in the liquid-state®). Other chemical
environments of boron such as tetrahedral B—O bonding and
icosahedral B—B units (as in f-rhombohedral boron) are not
present in directly synthesized BC,’ (expected at <0 ppm for
tetrahedral B—O groups® and ~0 ppm for B—B icosahedra,”!
all with reference to BF; ethyl etherate).

Raman spectra of directly synthesized BC,’ materials of
increasing boron content are shown in Figure 6. The
characteristic features of disordered or nanocrystalline graphitic
carbon®” are present in all spectra, as labeled, in stark contrast
to the crystalline graphite reference. These include a dominant
G band at 1591 cm™}, a significant D band at 1368 cm™), and a
broad feature between 2300 and 3300 cm™" corresponding to a
combination of second-order bands including the disorder-
induced 2D (also referred to as “G'”**), D+D’, and 2D’ bands.
The intensity ratio between the D and G bands (Ip/I;)
decreases with boron content, from 0.81 for disordered carbon
(synthesized by the direct pyrolysis of pure benzene at 800 °C)
to 0.75 for BC;' (Figure S7). These Ip/Ig values, in
combination with a G band position of ~1590 cm™), indicate
that all directly synthesized BC,’ materials fall into the category
between nanocrystalline and ordered graphite as opposed to
strictly amorphous carbon (within “stage 1” in the Ferrari and
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Figure 6. Raman spectra of BC,’ synthesized at 800 °C: BC;' (black), BC,’ (brown), and BC,,’ (light brown). Disordered carbon, prepared by the
pyrolysis of pure benzene at 800 °C (yellow), and graphite (gray) are also shown for reference.

Robertson three-stage model).”* Importantly, no intense bands
corresponding to icosahedral boron—boron bonding, such as in
elemental boron or boron carbide, are present in BC,’ (with
significant intensity between 700 and 800 cm™’, see Figure S3).
Alkali Metal lon Insertion. The electrochemical insertion
of alkali metal ions into directly synthesized BC,’, as
investigated by galvanostatic cycling in common Dbattery
electrolytes against the native metal counter/reference
electrode, is found to proceed by a primarily capacitive (i.e.,
non-Faradaic) mechanism for lithium, sodium, and potassium.
Both lithium and sodium insertion take place within
approximately the same potential window with respect to
their native metal: between 0 and +1.8 V, with an average
charge potential of 1.0 V (compared to Li/Li* or Na/Na®,
respectively). The potential profiles during the first five cycles
at a current rate of 100 mA g ' for lithium and sodium
insertion in BC;' are shown in Figure 7. The reversible capacity
of BC;’' for lithium and sodium ions (as approximated by the
fifth cycle discharge capacity) at 100 mA g~" is found to be 524
and 278 mAh g™, respectively, corresponding to Liy4,BC; and
Na; 4BCs. Initial measurements of alkali ion insertion into
directly synthesized BC,’ of varying composition show that the
reversible capacity (i.e, beyond the fifth cycle) and the average
potential of insertion both increase as a function of boron
content, a subject of further investigation in this laboratory.

4. DISCUSSION

The direct pyrolysis of boron tribromide and benzene in a
closed vessel at 800 °C is an exceedingly simple, one-pot, one-
step route to bulk samples of high boron-content graphitic
carbon, using only readily available molecular precursors. The
product, BC,/, can be prepared across a range of boron
compositions depending on the composition of the precursor
solution and the heat treatment regimen. Beyond the optimal
pyrolysis conditions of 1 h at 800 °C, higher temperature and
longer pyrolysis time lead to less boron in the graphitic phase,
as evidenced by the presence of boron carbide in the XRD
pattern (Figure 3, asterisks) and lower boron content in the
free-standing flakes (Figure 4, open symbols). The composition
of the final bulk BC,’ material can be controlled up to at least x
& §, as determined by “uncorrected” ERDA measurements;
corrections of the ERDA results by employing a commercial
standard (B,,C;) give evidence for compositions up to x = 3.2,
to within an error of +0.6. These figures fall into the same
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general range as those reported for thin-film BC,’ materials,
variously reported as limited to x > 6,° x > 5% and, as initially
reported, x > 3.%%%37 Most of the methods that were used to
determine the compositions of BC,’ thin-films are not
accessible or reliable for bulk materials, such as XPS and
EELS, and ERDA is therefore employed herein. Nevertheless, a
source of uncertainty in the ERDA experiments may lie in
differences in the sample surface roughness. On a rough surface,
primary beam particles and recoiling sample atoms pass
through the surface over a wide distribution of angles, leading
to a distortion of the measured energy spectrum and
concentration depth profile. Since there is a largely different
surface structure between the BC,’ samples and the B,,C;
standard material, a systematic effect on normalization cannot
be ruled out. Lastly, it is important to note that the possibility
of erroneous carbon contamination from the environment
greatly exceeds that of boron, implying that any estimation of
the B:C composition ratio is that of its lower limit (i.e., the
upper limit of x).

The structure of directly synthesized BC,” must be that of a
solid solution of boron within highly disordered, turbostratic
graphite, as determined by the combined evaluation of XRD,
ERDA, and NMR/Raman spectroscopy measurements. All
samples exhibit exclusively graphitic structure (by XRD
analysis) and also contain a high content of boron (up to x =
3.2 for BC,' by “corrected” ERDA measurements), significantly
greater than that of equilibrium graphitic BC,' (where the limit
is x = ~39). ''B NMR spectroscopy confirms the significant
presence of boron in BC,/, and the maximum at 30 ppm is
most consistent with bonding to carbon within a trigonal planar
(graphitic) lattice. Bonding to oxygen (in trigonal planar
geometry only) is likely to contribute to some of the intensity
at higher field (in the secondary chemical environment at an
isotropic shift of 19 ppm), but bonding to boron (as in
clustering or phase separated boron-rich phases) would give
rise to intensity at ~0 ppm’" and is therefore not significant in
BC,’. Any tetrahedral bonding environments can also be ruled
out, and any residual Br content in the material is minimal
(which is consistent with estimates of <0.1 atom % by ERDA).
Most importantly, the boron content must occupy graphitic
lattice sites owing to the lack of Raman intensity corresponding
to B—B icosahedral vibrational modes (and bolstered by a lack
of crystalline boron-rich phases in the XRD pattern). Although
no significant shift in the prominent Raman bands is observed
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Figure 7. Electrochemical insertion of (a) lithium and (b) sodium into BC;’ over five cycles between 0.01 and 2.50 V (compared to the native alkali

metal) at a current rate of 100 mA g~".

due to the presence of boron in the lattice, the broad nature of
the signal and the complex, competing effects of structural
disorder and boron doping make this type of analysis difficult.
The Raman spectra of directly synthesized BC,’ produced
herein resemble those of boron-implanted graphite films
prepared by ''B-ion irradiation (at a fluence of ~10' ions
cm™?), corresponding to a high overall boron content and
regions of persistent graphitic structure (the “microcrystalline
regime”).38 In addition, the I/I; ratio decreases with boron
content as in thin-film BC,"*’ (Figure S7), an observation that
is consistent with the known role of boron in the improved
graphitization of carbon at lower temperatures.*®

Disorder in the structure of bulk BC,” can generally be
classified as either interlayer (i.e., stacking disorder) or
intralayer (e.g, boron site clustering, vacancies, folding/
crumpling, etc.), both of which are likely to increase with
boron content. No evidence could be found in this work for
macroscopic heterogeneities with respect to chemical compo-
sition or structure in directly synthesized BC;'. The broad line
width in XRD patterns indicates a wide distribution of
interlayer spacings, a potentially combined effect from inter-
and intralayer disorder, and/or limited distances of crystallinity
(as per the Scherrer equation). The two broad chemical
environments deduced by ''B MQMAS NMR with isotropic
shifts of 30 and 19 ppm are consistent with multiple different
stacking arrangements present within BC;' and are also
consistent with multiple distinct boron sites within the lattice
(or perhaps from B—O or B—Br impurities). The observed
isotropic broadening further indicates significant disorder on
these boron sites, which can also be interpreted as stacking
disorder or lattice site inhomogeneity. Likewise, an unambig-
uous interpretation of the type of disorder present based on the
Raman spectrum is not possible, owing to the fact that boron
doping exudes inherently similar vibrational effects upon the
graphitic lattice as does the addition of vacancies, which has
been well investigated for equilibrium BC,.***’

When compared to tiled BCy/," the only other known bulk
BC,” material, the structure and composition of directly
synthesized BC;" show a higher degree of structural and
chemical homogeneity despite its shorter and simpler method
of preparation. For example, the fwhm of the (002) reflection
in XRD measurements is only 26 = 4.1°, compared to 7° for
tiled BC,’ (Figure S4), indicating higher structural regularity is
achieved by the direct synthesis route. Furthermore, the Ij,/I;
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ratio in the Raman spectrum, which decreases with boron
content (as seen in Figure 6), is also lower in directly
synthesized BC;" (Figure S6). This increased structural order
can be explained by an increased probability for successful
bonding between the precursors and the crystal growth front in
the case of the highly symmetrical direct synthesis precursors
(BBry and C4Hg) as opposed to that of the tiling route
(C¢H,(BBr,),). From a compositional perspective, the 'B
MAS NMR spectrum of directly synthesized BC;’ clearly shows
a remarkable difference compared to that achieved by tiling: the
lack of a dominant peak at ~14 ppm that corresponds to B—O
bonding as found in solid-state borates such as B,O; (Figure
S8) or boric acid. This higher content of oxygen in the boron
environment of the tiled product is likely a result of increased
exposure to air over the course of its multiday synthesis.
Nevertheless, the overall elemental composition of directly
synthesized BC;' is comparable to that of tiled BC; as
determined by internal ERDA comparison herein (Figures S8—
S9). It should be stressed that neither material is comparable to
crystalline graphite except in identifying and understanding the
general structural framework present; both types of bulk BC;’
are structurally more akin to disordered, turbostratic carbon, as
achieved by the direct pyrolysis of pure benzene (or other
aromatic precursors’') under similar conditions. No bulk
material reported at this time is equivalent to the hypothetical
BC; material with ordered structure that has been studied by ab
initio methods,"” despite that its theoretical free energy (or
energies, when considering the various low-energy stacking
sequences) indicates that it should be experimentally attainable.
Further work to achieve that end is more likely to be successful
via a simple, flexible, fast, and clean synthetic route based on
the method described herein.

Initial investigations of lithium and sodium insertion in
directly synthesized BC," have shown that, in agreement with
its highly disordered, turbostratic graphitic structure, the
mechanism of interaction is predominantly capacitive (non-
Faradaic), occurring over a wide range of potential with a high
average voltage compared to the alkali metal counter electrode.
This remains in stark contrast to theoretical results based on
the hypothetical, crystalline BC; structure,’” and there is no
evidence herein for intercalation of ions in an interlayer staging
mechanism at specific potentials. For this reason, bulk BC;' is
not a suitable candidate as an anode for lithium-ion batteries
(LIBs) at this time, primarily in view of the more desirable
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lithium storage behavior of pure graphite which exhibits low
voltage plateaus vs Li/Li*. However, the electrochemical
behavior of bulk BC;" can be seen as analogous to hard
carbon, a material which exhibits a distinct advantage over
graphite in its ability to take up sodium ions (the graphite
intercalation compounds of sodium are thermodynamically
unstable under reasonable conditions). Sodium is known to be
effectively stored within the extremely small nanocavities
typically present in and between turbostratic, microcrystalline
domains in the disordered graphitic structure, in accordance
with the “house of cards” model.”” From this perspective,
directly synthesized BC;' demonstrates a comparable electro-
chemical sodium storage capacity (e.g,, 278 mAh g~" at 100 mA
g™') to that of state-of-the-art, hard carbon-based anodes
(which range from 200 to 350 mAh g_l).43’44 Early indications
that an increased capacity is correlated with increasing boron
content in otherwise identical materials imply that further
optimization of the nanostructure of disordered BC;' may very
well lead to much higher eventual capacities, making it a
promising candidate for further investigation.

5. CONCLUSIONS

A bulk synthesis route to boron-doped graphitic carbon, BC/,
via the direct pyrolysis of two readily available precursors has
been presented herein, providing a novel route to composi-
tional and structural tunability in the low temperature,
metastable region (G’) of the boron—carbon binary phase
diagram. The material of interest, directly synthesized BC;’
obtained at 800 °C within a total of <24 h from start to finish,
has been shown to exhibit relatively high structural order and
compositional purity compared to tiled BCy’, the only other
known bulk material analogue. Boron incorporation within the
graphitic lattice has been confirmed by NMR and Raman
spectroscopy, although significant disorder exists in the layer-
to-layer stacking, a typical feature of carbon materials prepared
at <1000 °C. Nevertheless, directly synthesized BC,’ exhibits a
significantly higher capacity for alkali metal ions than similarly
obtained pure carbon, which is consistent with ab initio
predictions of the effect of boron-doping on the electro-
chemical properties of crystalline graphite. The non-Faradaic
ion storage mechanism of BC;' and relatively high capacity of
278 mAh ¢! are especially well-suited for application as the
anode material in emerging sodium-ion batteries, where hard
carbon is the current state-of-the-art material. Further
optimization of the synthesis of bulk BC,” within the direct
route presented herein will perhaps allow the tuning of the
structure and composition toward that of hypothetical, ordered
BC; that has been the subject of great theoretical and
experimental interest for the last 30 years.
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