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1. Synthetic Methods: 

Direct Synthesis of BC3 from BBr3 (Route I). The idealized reaction in the previously established1 direct 

synthesis of bulk BC3 (referred to herein as route I) is: 

2 BBr3 (𝑙𝑙) + C6H6 (𝑙𝑙)  → 2 BC3 (s) + 6 HBr(g) 

A 2:1 molar solution of boron tribromide (liquid, 99.99%, Sigma-Aldrich) and benzene (liquid, 99.8%, 

Sigma-Aldrich) was charged into a ~35 mL quartz ampule inside a glovebox under an inert argon 

atmosphere (<0.5 ppm of H2O, <0.5 ppm of O2). The total volume of solution added was 313 μL, limiting 

the maximum pressure to <20 bar at 800 °C. The open end of the ampule was closed with a Swagelok 

Ultra-Torr adapter and removed from the glovebox. The lower half of the ampule was submerged in liquid 

nitrogen to solidify the precursors. In this state, the ampule was connected to a stainless-steel Schlenk 

line, evacuated to 10−2 mbar, and flame-sealed under active vacuum. The sealed ampule was then placed 

in the center of a chamber furnace (RWF 12/13, Carbolite Gero Ltd.) and heated to 800 °C at 1 °C min−1. 

The ampule was held at 800 °C for 1 h and then allowed to gradually cool to ambient temperature. The 

ampule was carefully scored with a diamond-bladed saw and snapped open within a nitrile rubber 

enclosure, releasing the over-pressure of gaseous byproducts into a fume hood. The solid product was 

collected and washed three times with deionized water, washed three times with acetone, and finally 

dried in air at 80 °C. The as-synthesized flakes (referred to herein as BC3, reflecting their nominal 

composition) were in some cases investigated without further manipulation; in other experiments, they 

were reduced to powder by grinding in a dry mortar and pestle for 15 min, as denoted below. 
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Synthesis of BC3 from B2H6 (Route II). A novel synthesis route to BC3 via B2H6 as the boron precursor (route 

II) was carried out, based on the following idealized reaction: 

B2H6 (g) + C6H6 (𝑙𝑙)  → 2 BC3 (s) + 6 H2 (g) 

A stainless-steel reactor (4651 high-pressure vessel, Parr Instrument Company) with a gas inlet port and 

an internal volume of 250 mL was thoroughly dried in air at 80 °C. A stainless-steel gasket (44HC7AD, Parr 

Instrument Company) was placed in the pre-lubricated sealing groove of the reactor body and all 

components were then transferred into a glovebox under inert argon atmosphere (<0.5 ppm of H2O, <0.5 

ppm of O2); the reactor was charged with 0.62 mL of benzene (liquid, 99.8%, Sigma-Aldrich), sealed using 

a torque wrench, and transferred out of the glovebox. The main body of the sealed reactor was cooled by 

submersion in an acetone and dry ice bath for 60 min. It was then connected to a previously dried and 

evacuated gas/vacuum manifold via a metal gasket face-seal fitting (VCR, stainless steel, Swagelok Co.) 

and evacuated for 10 s using a dry scroll vacuum pump (10-2 mbar ultimate pressure, ACP 15, Pfeiffer 

Vacuum GmbH). After a brief evacuation, a gas mixture containing 30% diborane in hydrogen (99.99% 

purity B2H6 in 99.9999% purity H2, Air Liquide Electronics U.S. LP) was filled into the reactor headspace up 

to a pressure of 2.0 bar (6.6 mmol or 180 mg of diborane). The reactor was then resealed, disconnected 

from the gas/vacuum manifold, removed from the cooling bath, and allowed to warm to room 

temperature. After thorough drying of the outer walls from condensation, the reactor was placed within 

a custom chamber furnace (Parr Instrument Company) and heated to 700 °C at 1 °C min−1. The reactor 

was held at 700 °C for 4 h and then allowed to gradually cool to ambient temperature. During pyrolysis, 

the pressure within the closed reactor was monitored using an integrated transducer (G2, Ashcroft Inc.). 

Upon completion, the gaseous byproducts were vented into a fume hood to just above ambient pressure. 

The reactor was transferred into an argon glovebox and opened, and the product was collected from the 

bottom of the vessel; the solid product was investigated without further manipulation. 
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Safety Note (Route II). Diborane is a pyrophoric compound and is also toxic at low concentrations (LC50 

values for inhalation at <100 ppm). Therefore, it is crucial that any gas manifold exposed to diborane at 

greater than atmospheric pressure (e.g., 2 bar) be leak-tight and sufficiently purged with argon prior to 

the introduction of diborane to remove any trace water or oxygen. Leak testing at elevated pressures 

using pure hydrogen or helium and a suitable leak detector (used herein with H2: Sensistor XRS9012, 

INFICON Inc.) is highly recommended prior to introducing diborane to the system. Abatement is also 

crucially important; in this work, all waste diborane contained within the manifold (i.e., which was not 

closed within the reactor) was quenched by exhausting through a series of two Dreschel washing flasks 

filled with methanol at a flow rate of 20 sccm (see Figure S4). The system was then completely purged of 

diborane by flushing with excess argon at 100 sccm for 30 min. 

Experimental Setup (Route II). A stainless-steel reactor equipped with a pressure transducer was custom-

designed and fabricated over three versions to carry out synthesis route II. The ultimate design comprised 

a 250 mL reactor outfitted with a digital pressure transducer, allowing for monitoring and post-synthesis 

analysis of the reaction. By converting the pressure to a total amount of gaseous species present (using 

the ideal gas law and the known fixed volume and temperature), leaks and/or the change in amount of 

gaseous species could be plotted as a function of time (Figure S1). In the co-pyrolysis of diborane with 

benzene, analysis of the pressure profile reveals three distinct steps: (1) gasification of benzene, (2) 

decomposition of diborane followed by condensation of higher-order boranes, and (3) decomposition of 

benzene. In the neat pyrolysis of benzene, only two steps are observed: (1) gasification of benzene and 

(3) decomposition of benzene. 
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Figure S1. Gas evolution during pyrolysis in a custom metal reactor. (a) Change in amount of gaseous 
species present as a function of reaction time during the co-pyrolysis of B2H6 and C6H6 (route II) or pure 
C6H6, under closed, inert conditions and (b) the corresponding temperature profile. 
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Figure S2. Experimental apparatus for filling and sealing the custom metal reactor within a glovebox: the 
reactor body affixed to a vise (center), the head of the reactor (bottom center), and the split-ring sealing 
cuff (top right) are shown. 
 

 

Figure S3. Experimental apparatus for storage and delivery of diborane: lecture bottle containing the 
B2H6/H2 mixture (center) within a freezer held at -20 °C, a purgeable regulator (right), pressure transducer 
controller (top center), and purge, vent, and delivery gas lines (right and top right) inside a fume hood. 
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Figure S4. Experimental apparatus for diborane abatement: two Dreschel flasks (left and right) filled with 
methanol (clear liquid) showing exhaust flow from right to left. In contact with methanol, diborane is 
converted into trimethoxyborane and hydrogen is evolved (small bubbles are shown in both flasks, but 
less evolution occurs in the downstream flask on the left). 
 

 

Figure S5. Experimental apparatus for diborane/benzene co-pyrolysis reactions (route II): custom metal 
reactor (center), furnace (center right), freezer containing the B2H6/H2 mixture (left), purgeable regulator 
(center left), gas manifold (Teflon and stainless steel), vacuum outlet (right), and abatement system (top 
center). The reactor is shown submerged in an acetone and dry ice bath at -78 °C. 
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Figure S6. Custom metal reactor removed from the furnace, shown post reaction and prior to opening. 

 

 

Figure S7. Custom metal reactor head and thermowell, shown post reaction (benzene pyrolysis at 700 °C) 
and after opening. 
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Figure S8. Custom metal reactor head and thermowell, shown post reaction (diborane/benzene pyrolysis 
at 700 °C) and after opening. 
 

Synthesis of BC3 from B10H14 (Route III). A novel synthesis route to BC3 via B10H14 as the boron precursor 

(route III) was carried out, based on the following idealized reaction: 

B10H14 (s) + 5 C6H6 (𝑙𝑙)  → 10 BC3 (s) + 22 H2 (g) 

A 1:5 molar solution of decaborane (solid, technical grade, Sigma-Aldrich) and benzene (liquid, 99.8%, 

Sigma-Aldrich) was charged into a ~12 mL quartz ampule inside a glovebox under an inert argon 

atmosphere (<0.5 ppm of H2O, <0.5 ppm of O2). The total volume of solution added was 40 μL, limiting 

the maximum pressure to <20 bar at 800 °C. The open end of the ampule was closed with a Swagelok 

Ultra-Torr adapter and removed from the glovebox. Pyrolysis was carried out in an identical procedure as 

described in route I. The solid product was collected and washed three times with deionized water, 

washed three times with acetone, and finally dried in air at 80 °C. The as-synthesized flakes (referred to 

herein as BC3, reflecting their nominal composition) were in some cases investigated without further 
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manipulation; in other experiments, they were reduced to powder by grinding in a dry mortar and pestle 

for 15 min, as denoted below. 

 

Synthesis of NDB (Route IV Precursor). Methods to synthesize 1,8-naphthalenediyl-bridged diborane(6) 

(NDB) were adapted from those reported by Scholz and coworkers.2 The materials, general procedures, 

and multi-step synthesis of NDB that were used herein follow. 

Organic Synthesis Materials. Me3SiCl and B(OMe)3 were distilled over CaH2 and Na, respectively. The 

following reagents were purchased from commercial vendors and used as received: CDCl3 (99.8%, 

Cambridge Isotope Labs), 1,8-diiodonaphthalene (≥98.0%, Sigma Aldrich), n-BuLi (1.5 M in n-hexane, 

Thermo Scientific), CH2Cl2 (>99.9%, Honeywell), KOH (97.8%, Mallinckrodt Chemicals), HCl (Acros 

Organics), MgSO4 (Oakwood Products, Inc.), LiAlH4 (1.0 M in Et2O, Sigma Aldrich). C6D6 was purchased 

from Cambridge Isotope Labs, degassed by three freeze-pump-thaw cycles, and stored in a N2- or Ar-filled 

glovebox over activated molecular sieves. 

Organic Synthesis General Procedures. All synthetic procedures were performed under N2 or Ar using 

standard glovebox or Schlenk line techniques, unless otherwise noted. The solvents used for synthetic 

procedures (diethyl ether, Et2O, and n-hexane) were sparged and stored under ultrahigh purity (UHP) Ar 

before being dried via passing through a solvent purification system (CHEMBLY, formerly JC Meyer Solvent 

Systems) using UHP argon as the working gas. All glassware was heated to 160 °C overnight prior to use. 

NMR Spectroscopy. NMR spectra were measured at 298 K using a Bruker ASCEND AVANCE III HD 500 MHz 

(500.2 MHz for 1H) spectrometer equipped with a Prodigy (liquid nitrogen cooled) cryoprobe or a Bruker 

UltraShield DPX AVANCE I 300 MHz spectrometer equipped with a room temperature QNP probe. 1H NMR 

chemical shifts (δ in ppm) are referenced to residual 1H solvent resonances in the deuterated solvent 

(1H/13C, C6D6: δ = 7.16/128.06). NMR signals abbreviations: s = singlet, d = doublet, dd = doublet of 

doublets, q = quartet, sept = septet, br = broad. 
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Synthesis of 1,8-Naphthalic Boronic Acid Anhydride, 1. 

I I

1. 2.5 eq. n-BuLi
2. 4.5 eq. B(OMe)3
3. H+

/H2O

Et2O

B B
O OHHO

(1)  

1,8-Diiodonapthalene (5.0 g, 13.13 mmol, 1 eq.) was added to a 250 mL Schlenk flask containing a stir bar. 

The solid was dissolved in dry Et2O ( ~80 mL) and the solution was cooled to 0 °C. In this state, n-BuLi (1.5 

M in n-hexane; 21 mL, 31.5 mmol, 2.5 eq.) was added dropwise via a syringe while the solution was stirred. 

The solution was allowed to warm to room temperature over the course of 3 h after which it was cooled 

to -78 °C and B(OMe)3 (7.1 mL, 63 mmol, 4.5 eq.) was added dropwise. The solution was removed from 

the cooling bath and allowed to warm to room temperature over the course of 12 h. HCl (2 M in H2O; 23.5 

mL) was added, and the solution was stirred for an additional 2 h at room temperature. The two phases 

were separated, and the aqueous phase was extracted with CH2Cl2 (4×10 mL). The organic phases were 

combined and 1 was extracted into aqueous KOH (2 M; 4×10 mL). The aqueous phases were combined 

and washed with CH2Cl2. HCl (33 M in H2O) was added dropwise to the aqueous phase until the solution 

became acidic, whereupon a precipitate formed. The precipitate was collected by vacuum filtration and 

washed with H2O on the frit. The solid product was dissolved in ethyl acetate and dried over MgSO4. The 

solution was filtered and the filtrate was obtained as an off-white solid by drying under reduced pressure 

to yield 1 (1.95 g, 9.87 mmol, 74% yield). 1H NMR (300 MHz, CDCl3): δ = 8.20 (dd, 3J(H,H) = 6.8 Hz, 4J(H,H) 

= 0.9 Hz, 2H), δ = 8.06 (dd, 3J(H,H) = 8.3 Hz, 4J(H,H) = 0.9 Hz, 2H), δ = 7.60 (dd, 3J(H,H) = 8.3 Hz, 3J(H,H) = 

6.8 Hz, 2H), δ = 4.75 (br, 2H; O‒H). 
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Synthesis of 1,8-Naphthalenediyl-Bridged Diborane(6) (NDB). 

B B
O OHHO

(1)

Et2O

1. 3.3 eq. LiAlH4
2. 10 eq. Me3SiCl

B B
HH

H

H

(NDB)  

1 (0.5 g, 2.53 mmol, 1 eq.) was added to a 100 mL Schlenk flask equipped with a stir bar. The solid was 

dissolved in dry Et2O (~50 mL) and cooled to 0 °C. In this state, a solution of LiAlH4 (1M in Et2O, 8.4 mL, 8.4 

mmol, 3.3 eq.) was added dropwise via a syringe while the solution was stirred, during which a colorless 

precipitate formed along with the evolution of a colorless gas. The solution was stirred for 30 min at 0 °C 

then allowed to warm to room temperature where it was stirred for an additional 12 h. The solution was 

cooled to -78 °C and neat Me3SiCl (3.2 mL, 25.3 mmol, 10 eq.) was added dropwise via a syringe, resulting 

in the formation of a colorless precipitate. The mixture was stirred for 10 min at -78 °C then allowed to 

warm to room temperature where it was stirred for an additional 12 h. The mixture was evaporated under 

reduced pressure to a yellow paste. This paste was thoroughly triturated with n-hexanes to assist in the 

removal of coordinated solvent molecules, then evaporated to dryness under reduced pressures. The NDB 

product was isolated in high purity by three subsequent vacuum sublimations (80 °C, 10−2 mbar) and 

collected as a clear crystalline sublimate to yield NDB (245 mg, 1.61 mmol, 64% yield). 1H NMR (500 MHz, 

C6D6): δ = 7.87 (d, 3J(H,H) = 6.7 Hz, 2H), δ = 7.71 (dd, 3J(H,H) = 8.3 Hz, 4J(H,H) = 0.6 Hz, 2H), δ = 7.38 (dd, 

3J(H,H) = 8.3 Hz, 3J(H,H) = 6.7 Hz, 2H), δ = 4.78 (q, 1J(H,B) ≈ 130 Hz, 2H), δ = 1.61 (s, br, 2H). 

13C NMR (125 MHz, C6D6): δ = 144.8, δ = 138.7 (br), δ = 133.5, δ = 130.0, δ = 130.0, δ = 126.9. 
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Figure S9. 1H NMR spectrum of NDB dissolved in C6D6 (*) using a 500 MHz spectrometer. 
 

 

Figure S10. 13C NMR spectrum of NDB dissolved in C6D6 (*) using a 500 MHz spectrometer. 
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Synthesis of BC5 from the Molecular Tile B2C10H10 (Route IV). A novel synthesis route to BC5 via the neat 

pyrolysis of 1,8-naphthalenediyl-bridged diborane(6) (NDB, B2C10H10, route IV) was carried out, based on 

the following idealized decomposition reaction: 

B2C10H10 (s)  → 2 BC5 (s) + 5 H2 (g) 

The product was purified three times by sublimation and then charged into a ~30 mL quartz ampule inside 

a glovebox under an inert argon atmosphere (<0.5 ppm of H2O, <0.5 ppm of O2). The total amount of NDB 

added was 200 mg, limiting the maximum pressure to <20 bar at 800 °C. The open end of the ampule was 

closed with a Swagelok Ultra-Torr adapter and removed from the glovebox. Pyrolysis was carried out in 

an identical procedure as described in routes I and III. The solid product was collected and washed three 

times with deionized water, washed three times with acetone, and finally dried in air at 80 °C. The as-

synthesized material (referred to herein as BC5, reflecting its nominal composition) was in some cases 

investigated without further manipulation; in other experiments, it was reduced to powder by grinding in 

a dry mortar and pestle for 15 min, as denoted below. 

Separation of Pyrolysis Products. Upon pyrolysis of the NDB precursor, two morphologies were generated 

and separated by density. The minor flakes were suspended in ethanol and poured off while the majority 

solid (see Figure S11) was collected for further characterization. 

 

 

Figure S11. Two solid products generated by the pyrolysis of B2C10H14 (NDB) at 800 °C (route IV) can be 
seen: a suspension of flakes (left) and the remaining mound of the majority solid (right). 
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Synthesis of BC3 from NaBH4 (Route V). A novel synthesis route to BC3 via NaBH4 as the boron precursor 

(route V) was carried out, based on the following idealized reaction: 

2 NaBH4 (s) + 2 I2 (s) + C6H6 (𝑙𝑙)  → 2 BC3 (s) + 2 NaI(s) + 6 H2 (g) + 2 HI(g)  

Sodium borohydride (powder, 99%, Sigma-Aldrich), iodine (solid crystals, >99%, purified by sublimation, 

Sigma-Aldrich), and benzene (liquid, 99.8%, Sigma-Aldrich) were charged into a ~35 mL quartz ampule 

inside a glovebox under an inert argon atmosphere (<0.5 ppm of H2O, <0.5 ppm of O2). A typical mixture 

contained 65.5 mg of NaBH4, 439.9 mg of I2, and 77.2 μL of C6H6 to achieve a nominal stoichiometry of BC3 

at <20 bar at 800 °C. The open end of the ampule was closed with a Swagelok Ultra-Torr adapter and 

removed from the glovebox. Pyrolysis was carried out in an identical procedure as described in routes I, 

III, and IV. The solid product was collected and washed three times with deionized water, three times with 

acetone, once with a 50% aqueous HF solution, three additional times with deionized water, and finally 

three additional times with acetone; this product was dried in air at 80 °C. 

The addition of elemental iodine to synthesis route V was necessary for the scavenging of sodium. While 

other sodium scavengers could be used (e.g., Se or Te), iodine was chosen herein. The decomposition of 

sodium borohydride in the presence of iodine produces reactive borane species at high temperatures that 

can be incorporated into the forming graphitic material to form BC3. This is accompanied by the formation 

of sodium iodide (NaI) as a byproduct that can easily be separated from the reaction products by washing 

with water. The presence of any remaining sodium iodide in the product of route V is detectible by XRD. 

Upon further washing, the sodium iodide can be completely removed. The mother liquor from an aqueous 

wash was dried by evaporation to produce a white solid; analysis of this water-soluble solid is shown in 

Figure S12. 
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Figure S12. XRD patterns of the as-collected solid products generated by the co-pyrolysis of NaBH4, I2, and 
C6H6 under inert conditions within a quartz ampule at 800 °C (route V), and of the solid recovered after 
concentrating wash water from processing the graphitic material. 
 

 

Compositional mapping of the as-synthesized product of synthesis route V via EDX reveals a mixture of 

boron-doped graphite, sodium iodide crystals, and sodium silicate fibers (see Figure S13). The sodium 

silicates can be effectively separated from the graphitic product by dissolution in hydrofluoric acid. 
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Figure S13. EDX maps of the as-collected solid products generated by the co-pyrolysis of NaBH4, I2, and 
C6H6 at 800 °C (route V). The color-coded maps are generated from the signals of (a) boron and carbon, 
(b) sodium, (c) carbon, sodium, and silicon, (d) silicon, (e) iodine and sodium, and (f) oxygen. 
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2. Characterization Methods: 

X-Ray Diffraction. Powder X-ray diffraction (XRD) was performed on hand-ground samples using a 

laboratory diffractometer (D8 ADVANCE, Bruker Corp.) equipped with a Cu Kα1,2 radiation source (λ = 1.54 

Å) in reflection geometry. All measurements were performed at room temperature using a recessed-well 

sample holder (25 mm diameter well, Bruker Corp.); the sample was rotated at 15 rev min-1 and sampled 

in 0.02° increments for 0.5 s each from 2θ = 10°–60°. 

Raman Spectroscopy. As-synthesized materials were investigated with a benchtop Raman spectrometer 

(LabRAM HR Evolution, Horiba Scientific Ltd.) equipped with a confocal microscope and three excitation 

sources: a 532 nm (2.33 eV) frequency doubled Nd:YAG laser with an incident power of 10 mW, a 633 nm 

(1.96 eV) HeNe laser with an incident power of 17 mW, and a 785 nm (1.58 eV) diode laser with an incident 

power of 25 mW. All measurements were performed at room temperature. 

Fitting Raman Spectral Data. The region containing peaks associated to the D and G modes in each Raman 

spectrum were fitted using a previously established method based on the combination of a Lorentzian 

and a Breit-Wigner-Fano (BWF) lineshape.3,4 The main D peak was fitted to a single Lorentzian and the low 

frequency shoulder of the D peak was fitted to another Lorentzian to account for hydrogen edge character 

and denoted as (*C-H). The G peak was fitted to a single BWF, and the baseline was approximated by a 

linear background, as shown in Figure S14. The combination of two Lorentzian functions and a BWF 

provided a profile with minimal fitting parameters that could effectively fit the Raman spectrum of the 

wide range of carbon materials with varying hydrogen content explored in this work. The BWF lineshape 

is given by: 

I(ω) = Io
[1 + (ω− ωo/QΓ)]2

1 + [(ω− ωo)/Γ]2  (Equation 1) 

where Io is the peak intensity, ωo is the peak position, Γ is the FWHM, and Q is the BWF coupling coefficient. 

A negative Q value tails the BWF toward lower frequency and helps accounts for residual intensity 

between the D and G peaks. Due to the asymmetry of the BWF lineshape, ωₒ does not lie at the frequency 
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of the peak maximum (ωmax) as in a simple Lorentzian or Gaussian function. To correct for this, the 

following equation was applied to determine ωmax: 

ωmax = ωo +
Γ

2Q
 (Equation 2) 

Since Q is negative, ωmax lies at a lower frequency than ωₒ. FWHM(D) and FWHM(G) were determined 

based on FWHM of the Lorentzian associated with the D Peak and BWF fits, respectively. The position of 

the D peak (Pos(D)) was determined based on ωₒ of the Lorentzian associated with the D Peak, and Pos(G) 

was determined based on ωmax of the BWF associated with the G peak by applying Equation 2. 

 

 

Figure S14. Representative fitting profile for the Raman spectrum of graphitic carbon. One Lorentzian 
(*C-H) is used to account for hydrogen edge character, a second Lorentzian (D) accounts for the D mode, 
and a BWF lineshape (G) accounts for the G mode. 
 

X-Ray Absorption Spectroscopy. The boron chemical environments in each material were investigated by 

X-ray absorption spectroscopy (XAS) using synchrotron radiation at beam line BL8.0.1.4 at the Advanced 

Light Source (Lawrence Berkeley National Laboratory). The hand-ground samples were mounted on 

carbon tape and transferred into an ultrahigh vacuum (10−9 mbar) chamber for analysis. The total 

fluorescence yield (TFY) was measured to probe ~175 nm into the bulk of the sample, and the total 
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electron yield (TEY) was measured for analysis of the surface chemical environments. As reference 

materials, boron oxide (B2O3, 99.999%, Sigma-Aldrich), amorphous boron (98%, Alfa Aesar), hexagonal 

boron nitride (BN, 99.5%, Alfa Aesar), and boron carbide (~B4C, 98%, Sigma-Aldrich) were also examined 

under identical conditions. 

Scanning Electron Microscopy. Scanning electron microscopy (SEM) of the as-synthesized materials was 

performed for imaging using a field emission scanning electron microscope (SUPRA 55VP, ZEISS Group) 

operating at 1 kV with a working distance of < 5mm. Samples were prepared by mounting onto conductive 

carbon tape. 

Energy Dispersive X-Ray Spectroscopy. Energy dispersive X-ray spectroscopy (EDX) was performed using 

a scanning electron microscope (PHI 710, Physical Electronics Inc.) under a focused electron beam with a 

well-defined energy of 10 kV operating at 10 nA. A windowless X-ray detector (XFlash 6|10, Bruker Corp.) 

was used, permitting the detection of boron. Samples were prepared by pressing the as-synthesized flakes 

into indium foil. 

 

3. Computational Methods: 

Decomposition Energy Estimations. The energy of decomposition of each molecular precursor, a proxy 

for its temperature of decomposition, was approximated as the difference in quantum mechanical 

electronic energy at 0 K (ESCF) between the original precursor alone as compared to the sum of its elements 

in their standard state molecular form (e.g., H2 gas for H, Cl2 gas for Cl) or as monatomic gases for the 

solids (e.g., C gas for C, B gas for B): 

∆𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 = � � 𝐸𝐸𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑖𝑖

� − 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑆𝑆𝑆𝑆𝑆𝑆  (Equation 3) 

Hence, the Δ prefix carries the meaning of “decomposition” into the elements, typically either boron or 

carbon and the relevant diatomic gas (either hydrogen or halogen). Geometry optimization of each 
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species was performed independently, at a level of density functional theory (DFT) previously 

benchmarked5 for investigations of adsorption systems containing carbon, boron, and hydrogen: the 

MN15 functional,6 a meta nonseparable gradient approximation (meta-NGA) global hybrid for the 

exchange-correlation energy, combined with the def2-QZVPP basis set,7 a high-quality quadruple zeta 

basis with two polarization functions, using a commercial computational chemistry software package 

(Gaussian 168). Vibrational frequencies were then determined, which guaranteed the stability of the 

molecular structures and provided the electronic energies of the compounds of interest; standard 

thresholds for the single-point calculations, optimization, and frequency simulations were used. The final 

decomposition energy (ΔESCF) was then divided by the number of “solid” atoms (either B or C) in the sum 

to provide an estimate of the decomposition energy per atom, reported in units of eV atom-1. 

 

4. Materials Characterization of BCx from Routes I-V 

Morphology and Composition. The pyrolysis products of synthesis routes I–V varied significantly in terms 

of morphology and homogeneity. Representative SEM micrographs of the resulting morphologies of each 

product are shown in Figure 2 of the main text. Likewise, the chemical compositions of the various 

morphologies produced during each pyrolysis reaction also varied, indicating different degrees of phase 

segregation (Table S1). As the benchmark for comparison, the co-pyrolysis of boron tribromide and 

benzene at 800 °C (route I) primarily results in free-standing flakes with a thickness of ~2 μm (Figure 2a), 

typically formed completely free from the walls of the quartz ampule. The surfaces of the flakes exhibit a 

cratered/dimpled topology that is characteristic of highly boron-doped graphitic carbons and other boron-

rich phases.1,4,9,10 Spheres with a diameter of ~2 μm are also present in minor abundance in route I. The 

boron-to-carbon ratio of both morphologies is ~0.21 (~BC5) as measured using EDX, with only minor 

oxygen and bromine impurities (<5 at.%), consistent with previous studies.1,4 We note that accurately 

determining the B:C ratio is challenging, and previous reports showing compositions closer to BC3 were 
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evidenced by data collected using elastic recoil detection analysis (ERDA) which is highly suited to the 

quantification of light-element compositions compared to EDX.1 

A comparable halide-free synthesis product to that of route I is achieved via the co-pyrolysis of sodium 

borohydride and benzene at 800 °C (route V). Using borohydride as a boron precursor requires a counter-

ion, in this case sodium. To prevent the formation of metallic sodium, a sodium scavenger must be used. 

While a number of scavengers could be used, the additive used herein was iodine, leading to the formation 

of sodium iodide salt which is water soluble and hence easy to separate from the BCx product. Route V 

also primarily produces flakes with a thickness of ~2 μm with a similar texture to those produced via route 

I, and which are also accompanied by spheres that range in diameter from 1–5 μm in minor abundance. 

The chemical composition of both flakes and spheres was effectively identical to that of the products of 

route I, with a boron to carbon ratio of ~0.22 (~BC5 stoichiometry) and with little oxygen, sodium, or other 

contamination. 

 

Table S1. Elemental composition (as determined by EDX) of each morphology of the BCx products of 
synthesis routes I–V. 

 

 Boron 
Precursor Flakes Spheres Fibers Film Carbide 

I BBr3 
BC5 

(3% O, 3% Br) 
BC5 

(3% O, 3% Br) - -  

II B2H6 BC3 
(8% O) 

B2C 
(7% O) 

BC32 
(2% O) -  

III B10H14 BC19 
(2% O) 

BC10 
(1% O) - B5C2 

(4% O)  

IV NDB 
BC7 

(6% Cl, 3% O, 
 2% Al) 

- - - 
BC5 

(17% O, 
5% Cl, 2% Al) 

V BH4
− BC5 

(4% O, 2% I) 

BC5 
(1% O, 0.3% Na, 

 3% I) 
- -  
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The products of synthesis route II (the co-pyrolysis of diborane and benzene at 700 °C) depart significantly 

from those of routes I and V, largely owing to the nature of the stainless-steel reactor. Route II yields a 

product with the largest degree of morphological variation of all synthesis routes explored herein. Fibers, 

spheres, and flakes, in order of descending contribution, are present in all parts of the product, regardless 

of whether collected exclusively from the thermowell (a cold head) or from the reactor base or walls. The 

fibers are likely a byproduct of metal-catalyzed side reactions on the stainless-steel body of the reactor, 

as described for other pyrolysis reactions carried out in the presence of Ni-containing steels.11–13 The 

spheres produced by this synthesis are smooth in texture and vary in diameter from 1–5 μm. Contrary to 

routes I and V, these spheres are found to be composed primarily of boron, with a boron to carbon ratio 

of ~2 (B2C) and a moderate oxygen content of 7 at.%. While fibers and spheres are the major morphologies 

generated by route II, flakes with a thickness of ~4 μm are also observed as a minor phase. These flakes 

are similar in appearance to those produced by routes I and V, exhibiting a cratered/dimpled texture and 

a boron to carbon ratio of ~0.4, close to that of BC3. 

Synthesis routes III and IV also lead to the formation of multiple morphologies. A colorful boron-rich film 

with a composition approaching B4C is found on the surface of the layered graphitic flakes produced in 

route III. This layered structure is easily seen in the SEM images in Figure 2c of the main text. The 

underlying graphitic flakes contain only ~5 at.% boron (with very little oxygen incorporation). Meanwhile, 

the pyrolysis of NDB (route IV) also leads to the formation of two morphologies, one that is flake-like and 

another that exhibits the characteristic folded/crinkled textures indicative of boron carbide.14 

Interestingly, despite the outward appearance of the folded/crinkled regions, the elemental composition 

of both morphologies is close to that of the original NDB precursor molecule (BC5), except with a large 

impurity content from not only oxygen (3-17 at.%) but also chlorine and aluminum (an additional 5-7 

at.%). The large amount of oxygen contamination is typical of the products of other “molecular tiling” 
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routes, owing to the susceptibility of exposure to air during the requisite multistep organic synthesis of 

the tile; this disadvantage of tiling type synthesis routes has been previously discussed.1 

 

 

Figure S15. Compositional analysis of decaborane-derived BCx (route III). Three morphologies can be seen: 
(1) low-boron content flakes with a grey metallic luster, (2) high-boron content flakes with a colorful 
metallic luster, and (3) microsphere-covered surfaces that appear dull black. 
 

 

Figure S16. (a) SEM image and (b) EDX elemental map of decaborane-derived BCx (route III). The same 
heterogeneity observed by eye (Figure S15) can be quantifiably differentiated in terms of boron content. 
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Structure. XRD patterns and Raman spectra (EL = 532 nm) of the pyrolysis products from synthesis routes 

I–V are shown in Figure S17. With the exception of route II, the “crystalline” products of all routes exhibit 

broad features consistent with that of turbostratic, nanocrystalline graphite. All of the products exhibit 

two dominant XRD peaks both consistent with graphite: the characteristic (002) reflection between 2θ = 

25–26° that represents layer-to-layer ordering and a peak comprising the (10𝑙𝑙) family of reflections 

centered at 2θ = 42–43° that is associated with in-plane ordering. Synthesis route II produces higher 

quality graphite, shown in XRD by the higher angle (002) reflection with a narrower FWHM compared to 

the other samples. This higher level of graphitic order is attributable to the catalytic activity of the metal 

reactor. All of the products also exhibit features primarily indicative of poorly-crystalline graphite: a G 

peak centered between 1570–1590 cm-1, a D peak centered between 1335–1360 cm-1, and a broad 2D 

region between 2500–3200 cm-1. The products of routes III and IV also exhibit a low-frequency shoulder 

of the D peak between 1125–1250 cm-1 attributable to edge features of graphitic sheets terminated with 

hydrogen.15 The product of route II is again an exception; two distinct types of Raman spectra were found 

upon spatial exploration of the heterogeneous morphologies present. The first spectral type (solid trace 

in Figure S17b) is consistent with that of other forms of graphitic BCx phase-mixed with some content of 

elemental boron (as indicated by a series of peaks between 500–900 cm-1). The second spectral type 

(dashed trace in Figure S17b) is consistent with a more ordered and lower boron-content graphitic carbon, 

consistent with the more ordered graphitic phase apparent in its XRD pattern. The D:G intensity ratio of 

this latter spectral type (~2:1) differs significantly from that of all other products and its 2D region 

comprises well-defined peaks centered at 2675 and 2930 cm-1, revealing that synthesis route II produces 

a mixture of higher-quality low-boron-content graphite, and high-boron-content graphitic BCx together 

with elemental boron. 
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Figure S17. Structural analysis of the pyrolysis products from routes I-V. (a) XRD patterns and (b) Raman 
spectra (EL = 532 nm) of boron tribromide- (I), diborane- (II), decaborane- (III), NDB- (IV), and sodium 
borohydride- (V) derived BCx. 
 

Boron Chemical Environments. The boron chemical environments produced in synthesis routes I–V were 

investigated by XAS, as shown in Figure S18. Several standard materials containing relevant boron 

chemical environments are shown in Figure S18c for reference. Hexagonal boron nitride (g-BN) contains 

ordered trigonal planar boron environments that are characterized by an intense π* transition at 191.6 

eV, and a weaker σ* transition between 197–200 eV.16 Amorphous boron (a-B) exhibits a broad, 

featureless absorption edge with an onset at 187–190 eV. Boron carbide (B4C) exhibits the characteristic 

σ* transition originating from icosahedral boron (B12) units at 190.6 eV.17 Boron oxide (B2O3) exhibits an 

intense σ* transition associated with trigonal planar (BO3) environments at 193.7 eV. This boron oxide 

environment is also observed in the other standard materials due to surface oxidation resulting from the 

extremely negative bond association energy of boron-oxygen bonds. 
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The boron K-edge XAS spectra of the products of routes I-V are shown in Figure S18a (enlarged in Figure 

S18b). Like the standards, all products exhibit a prominent boron oxide peak at 193.7 eV that is more 

intense in the TEY signal, consistent with the formation of a surface oxide layer. Synthesis route I primarily 

results in hexagonally-ordered trigonal planar BC3 environments (g-BC3) at 192.0 eV with a small 

contribution from amorphous BC3 (a-BC3) at 189.4 eV, in agreement with previous studies.4 The surface 

(TEY) and bulk (TFY) signals are highly consistent, indicating a homogeneous single-phase product. 

Synthesis route V produces a similar distribution of boron environments as route I, with a primary 

contribution from g-BC3 at 192.0 eV. The product of route V produces a small but detectable contribution 

from icosahedral B12 environments centered at 190.6 eV and a smaller contribution from boron oxide type 

environments than for the product of route I. 

Synthesis routes II-IV produce drastically different chemical environments at the surface compared to 

within the bulk of the sample, consistent with the morphological heterogeneity revealed by SEM, XRD, 

and Raman spectroscopy. By comparison of the TEY and TFY spectra of the product of route II, a core-shell 

structure with a core consisting of elemental boron and a shell of graphitic carbon that contains an array 

of substitutional boron atoms is revealed. Synthesis route III also produces XAS features consistent with a 

core-shell structure. The surface spectrum exhibits a sloping edge with a feature at 190.8 eV associated 

with icosahedral B12 environments as well as a distinct feature at 192.3 eV that is associated with sub-

stoichiometric boron carbide domains arising from the inclusion of carbon into the nest-like structure of 

the decaborane precursor.18 The bulk of the sample is a combination of elemental boron, boron carbide 

(indicated by a subtle feature at 190.8 eV), and sub-stoichiometric boron carbide domains. Synthesis route 

IV produces a prominent feature from boron oxide at 193.7 eV throughout its core-shell structure, 

containing predominantly a-BC3 and sub-stoichiometric boron carbide environments in the core with 

almost exclusively sub-stoichiometric carbide in the shell. 



s28 
 

 

Figure S18. XAS spectra near the B K-edge of the pyrolysis products from routes I-V and related reference 
materials. The samples shown are boron tribromide- (I), diborane- (II), decaborane- (III), NDB- (IV), and 
sodium borohydride- (V) derived BCx, hexagonal boron nitride, amorphous boron, boron carbide, and 
boron oxide. TEY spectra (surface) are shown as dashed lines, and TFY spectra (bulk) as solid lines. 
 
 

Raman spectroscopy at multiple wavelengths was used to determine the magnitude of the dispersion of 

the D peak in the products of routes I-V, as shown in Figures S19-S23 and summarized in Table S2. A lower 

dispersion of the D peak is indicative of higher contents of C6B6 “flower-like” units within the planar 

structure of the graphitic parts of a given BCx product. Raman and XAS analysis of the products of synthesis 

routes I and V both corroborate a large contribution from g-BC3 environments throughout the bulk of the 

sample; the D peak dispersion (Disp(D)) of the product of route V is the lowest of all samples measured 

herein. The products of route II (from diborane) showed two distinct Raman spectral types, each with a 
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distinct Disp(D) as well. One environment is remarkably similar to that of the products of routes I and V 

and appears to be akin to bulk BC3.; this is in agreement with the XAS spectrum (Figure S18) which reveals 

that the surface of the product of route II exhibits a high density of g-BC3 environments. The other 

environment is typical of ordered, boron-poor graphitic carbon, likely catalyzed by the metal walls of the 

reactor. The Raman spectra of the product of synthesis route III (derived from B10H14) were spatially 

homogeneous and exhibit a Disp(D) of 33 cm-1 eV-1 indicating a detectable presence of g-BC3. The core-

shell nature of this sample is strongly evidenced by the XAS results (see above). Lastly, the product of 

synthesis route IV exhibits a Raman spectrum that resembles that of a standard disordered carbon, with 

a Disp(D) of 44 cm-1 eV-1. This is expectable on the basis of the fact that the naphthalene moiety of the 

NDB precursor would need to be at least partially decomposed to produce hexagonally ordered g-BC3 

environments; the B–C bonds in the original molecular structure are not in the correct position for true 

molecular tiling. The pyrolysis temperature of route IV (800 °C) is likely too low to decompose the aromatic 

structure of naphthalene. The XAS spectra of the route IV product also show discrepancies between the 

surface and bulk boron environments, indicating the likely liberation of the bridging diborane during 

pyrolysis. 

 

Table S2. Raman D peak dispersion as a function of Reaction number and boron reagent utilized in the 
pyrolysis reaction. 
 

 Boron 
Precursor 

Disp(D) 
(cm-1 eV-1) 

I BBr3 32 

II B2H6 21, 43 

III B10H14 33 

IV NDB 44 

V BH4
− 13 
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Figure S19. Raman analysis of the D peak dispersion of the product of the co-pyrolysis of BBr3 and C6H6 at 
800 °C (route I). (a) Representative Raman spectra at 532 nm, 633 nm, and 785 nm. (b) D peak position as 
a function of excitation wavelength, and the least-squares fit dispersion relation. 
 
 

 

Figure S20. Raman analysis of the D peak dispersion of the product of the co-pyrolysis of B2H6 and C6H6 at 
700 °C (route II). (a) Representative Raman spectra at 532 nm, 633 nm, and 785 nm. (b) D peak position 
as a function of excitation wavelength, and the least-squares fit dispersion relation. 
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Figure S21. Raman analysis of the D peak dispersion of the product of the co-pyrolysis of B10H14 and C6H6 
at 800 °C (route III). (a) Representative Raman spectra at 532 nm, 633 nm, and 785 nm. (b) D peak position 
as a function of excitation wavelength, and the least-squares fit dispersion relation. 
 
 

 

Figure S22. Raman analysis of the D peak dispersion of the product of the pyrolysis of B2C10H14 (NDB) at 
800 °C (route IV). (a) Representative Raman spectra at 532 nm, 633 nm, and 785 nm. (b) D peak position 
as a function of excitation wavelength, and the least-squares fit dispersion relation. 
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Figure S23. Raman analysis of the D peak dispersion of the product of the co-pyrolysis of NaBH4 and C6H6 
at 800 °C (route V). (a) Representative Raman spectra at 532 nm, 633 nm, and 785 nm. (b) D peak position 
as a function of excitation wavelength, and the least-squares fit dispersion relation. 
 

 

5. Computational Results: 

Decomposition Energy/Temperature Correlation. The relative thermochemical stabilities of the 

precursor molecules explored in this work were roughly approximated by the simple DFT approach 

described in Section 3 above. The resulting decomposition energies (ΔESCF) of several common B- and C-

containing precursors are shown in Table S3. The relationship between ΔESCF and the experimental 

decomposition temperature (Td) of the same precursors is shown in Figure S24. Benzene is calculated to 

exhibit a decomposition energy of 9.1 eV per carbon atom, which corresponds to an experimental 

decomposition temperature of ~750 °C.19 The decomposition energy of boron tribromide is similar to that 

of benzene: 8.8 eV per boron atom. Of the halide-free precursors, borohydride exhibits the most similar 

decomposition energy to benzene: 7.0 eV per boron atom. Diborane and decaborane are found to be less 

stable, at 6.2 and 6.3 eV per boron atom, respectively. These values are consistent with the low stability 

and high reactivity characteristic of the entire family of lower boranes.20 It is notable that the 
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decomposition energy of NDB (B2C10H10) is significantly higher at 8.5 eV per atom, normalized to the sum 

of both boron and carbon within the single precursor; this gives rise to an expected decomposition 

temperature of ~600 °C according to the fit over all precursors investigated (dashed line). 

 

 

Figure S24. Thermochemical decomposition energy/temperature correlation. Calculated decomposition 
energy (ΔESCF), normalized to the number of atoms of relevance (B or C), as a function of experimental 
decomposition temperature (Td), showing an expectable correlation that passes close to the origin. The 
precursors explored in this work are circled in red and indicated with their molecular formula. Note: the 
“decomposition temperature” of any species is highly dependent on the experimental method/apparatus 
used, as well as the definition of decomposition itself. 
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Table S3. Decomposition energies (ΔESFC), experimental decomposition temperatures, and corresponding 
references for small molecules of interest in co-pyrolysis reactions to produce boron- and carbon-
containing products. 
 

Decomposition Reaction ΔESFC* 

(eV atom-1) 
Experimental Td 

(°C) 
Experimental 
SI Reference 

BF3 → B + 3/2 F2 18.3 - - 
CF4 → C + 2 F2 13.8 800 21 

C6F6 → 6 C + 3 F2 11.0 850 22 
BCl3 → B + 3/2 Cl2 10.5 900 23 

CH4 → C + 2 H2 10.2 850 24,25 
C2H6 → 2 C + 3 H2 9.9 580 26 
C3H6 → 3 C + 3 H2 9.2 700 27 
C6Cl6 → 6 C + 3 Cl2 9.2 800 28 
C6H6 → 6 C + 3 H2 9.1 750 19 

C10H10 → 10 C + 5 H2 9.0 400 29 
C2H4 → 2 C + 2 H2 9.0 730 30 

C24H12 → 24 C + 6 H2 9.0 700 this work 
C6Br6 → 6 C + 3 Br2 8.8 580 31 
BBr3 → B + 3/2 Br2 8.8 780 32 

C6I6 → 6 C + 3 I2 8.3 370 33 
C2H2 → 2 C + H2 7.9 400 34 

BH4
− → B + 2 H2 + e− 7.0 530 35 

BI3 → B + 3/2 I2 6.8 400 36,37 
B10H14 → 10 B + 7 H2 6.3 250 38 
B5H9 → 5 B + 9/2 H2 6.2 150 38 
B2H6 → 2 B + 3 H2 6.2 100-300 27,39,40 

C10H8 → 10 C + 4 H2 5.9 700 41 
CCl4 → C + 2 Cl2 4.8 500 42 
CBr4 → C + 2 Br2 3.5 200 43 

CI4 → C + 2 I2 0.5 - - 
*Note: total decomposition energy is normalized per heteroatom of relevance (C or B) 
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