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Abstract

Boron carbide B,C (x = 1/6 — 10) powders were synthesized through a
microwave-assisted carbothermic reduction reaction as a potential clean energy
material. Their crystallographic structures and optical properties were charac-
terized. X-ray diffraction and electron diffraction indicated that the synthesized
B, C powders were amorphous. Electron energy-loss spectroscopy demonstrated
that the composition of boron and carbon was in amorphous materials, and their
chemical bonding were disclosed from Raman scattering spectroscopy. UV-vis
absorption spectroscopy indicated that the bandgap of the bulks varied from
2.30 eV to 3.90 eV, tuned by the boron/carbon element ratio. The synthesized
powders were potential photovoltaic materials. A short-range ordering model
was established to explain the optical properties.
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1. Introduction

Boron carbide with chemical formula B,C is an important member of the
boride family. Many boride compounds possess unique properties and attract
wide attention in science and industry. For example, cubic boron arsenide (BAs)
is a high thermal conductivity material whose thermal conductivity is compara-
ble to that of diamond and graphite [1 2 3, 4]. Magnesium diboride (MgBs) is a
multi-band superconductor whose superconducting mechanism can be primarily
described by BCS theory [5]. Boron nitride (BN) is the hardest material after
diamond or even rivals diamond [0 [7]. Boron carbide is the most popular com-
mercialized boride. B, C shows super-high hardness, good electric conductivity,
and low mass-density, being widely utilized in industry [, [9 [I0]. The mate-
rial is also a high-temperature thermoelectric material working around 1000 °C
[11L 12]. Recent research indicated that nanocrystalline structuring could no-
ticeably improve the mechanical properties of B,C ceramic [13] and is also an
effective approach to enhance thermoelectric properties [14], [I5]. Therefore, it
is interesting to investigate nanostructuring or even amorphous B, C. Excellent
mechanical / thermoelectric performances would be expected from nanostruc-
tured B,C bulks that were fabricated from nano- / amorphous B,C starting
materials. Here, the unique optical properties of B, C was reported in an amor-
phous state.

B, C has been synthesized with various methods. B4C single crystals were
synthesized by the self-propagating technique at high-temperatures [16], [17],
as well as B,C (z = 4 — 12) [I8]. B4C nanocrystalline powders [19, 20] and
nanofibers/nanobelts were synthesized using carbothermic reaction [2I]. Boron-
rich B13Cy nanowires were produced by a simple annealing process from B4C
powders [22]. B4C nanoparticles could be formed by thermal decomposition [23]
and the sol-gel method [24]. The compound was also synthesized by magne-
siothermic reductions, vapor-phase reactions, liquid-phase reactions, and other

methods [9]. Among these methods is the microwave-assisted carbothermal
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reduction, which is fast and cost-effective in synthesizing B,C nanomaterials,
such as B4C boron carbide nanocrystalline powders [19,25] and carbon-rich BCs
amorphous powders [26]. The carbothermal reduction technique has also been
employed to synthesize metal nitrides [27], TiC powders [28], ZrB, powders
[29], and TiBy powders [30]. Here, semiconducting boron carbon amorphous
compounds with tunable bandgap were first synthesized using the microwave-
assisted carbothermal reaction. Corresponding structures and optical properties

of the synthesized materials were investigated.

2. Experimental

The B,C materials were synthesized by a sol-gel and microwave-assistant
carbothermic reaction. Precursors were first prepared by a sol-gel process.
Reagent pure sugar and boron acid were weighted according to an element
ratio of boron and carbon B:C = z : 1, mechanically mixed, and dissolved in
de-ionized water under continuous stirring at room temperature to form milky
semi-transparent suspensions.  The suspensions were then stirred at 100 °C
to form colorless transparent solutions. The water in the solutions then evap-
orated gradually with time until yellowish or brownish transparent gels were
produced after water were totally evaporated. The color of the produced gels
changed from yellow to brown with the increasing of boron content. The trans-
parent gels were then dehydrated in an oven at 110 °C over three days to remove
bound water residue. The dehydrated solids were collected as precursors of the
carbothermic reaction. The precursors were then irradiated in graphite boats
under 2.45 GHz microwave irradiation for 60 min. The products were cooled
down naturally, and collected for examination at room temperature. The mi-
crowave power was set at 1.8 kW during the reaction. The finally produced
solids were porous and black at high boron ratio (x > 0.5) and dark brown at
low boron ratio (x < 0.5). The UV-vis absorption of the synthesized products
increased with the synthesis time when the time was less than 30 — 45 min. So

a synthesis time of 60 min is chosen in the experiments
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The synthesized materials were characterized by X-ray powder diffraction
on a Rigaku MiniFlex diffractometer at room temperature. The instrument
was set at 45 kV and 30 mA with Cu-K,, radiation. All data were collected in
the step-scanning mode with steps of 0.02° (26) from 5° to 85° with a 2 s data
accumulating for each step. The divergence, scattering, and receiving slits were
set at 1°, 1°, and 0.15 mm, respectively. The chemical composition and element
distribution of the B, C powders were characterized by energy-dispersive X-ray
spectroscopy (EDS), electron-energy loss spectroscopy (EELS), and high-angle
annular dark field (HAADF) imaging mode on a field emission gun JEOL 2100
FEG (scanning) transmission electron microscope (STEM) equipped with Ox-
ford EDS and Gatan Image Filter (GIF, Treidum 863). The nanoscaled crys-
tallinity was characterized by selected-area electron diffraction (SAED) tech-
nique on the TEM.

The optical properties of the produced powders were also characterized by
UV-vis absorption spectroscopy on a Bechman DU 640 spectrophotometer. The
synthesized powders were grounded, suspended in water, ultrasonicated for one
minute, and then measured on the spectrophotometer. The UV-vis absorp-
tion spectra covered the wavelength ranging from 200 nm to 1100 nm at room
temperature. The band-gaps were calculated by the Tauc method [31].

Photoluminescence (PL) and Raman scattering spectra were recorded by an
Intensified CCD camera (ICCD, Andor I-Star) after dispersed by a spectrograph
(Acton SP2300 Imaging, Princeton Instruments Inc.) using the excitation of a
green laser at 532 nm (Civillaser, LSR-PS-F).

The synthesized B, C powders were fabricated to dye-sensitized solar cells
(DSSC). ITO glass with electrical conductivity of 20 2/cm was cut by dia-
mond saw, cleaned in ultrasonicator, and dried in air as electrodes. B,C was
grounded in mortar and fabricated on an ITO glass via the razor method. The
thickness of the B, C film was 20 pm. The electrode was sensitized with black-
berry dye at room temperature. Carbon black was deposited on another ITO
glass as counter-electrode. The two electrodes were sealed together and an io-

dide/triiodide solution was injected between the electrodes as liquid electrolyte.
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Figure 1: (a) X-ray diffraction patterns of synthesized powders with various initial element
ratio of By C (x =1/6—10). The peak positions of B4C (PDF # 15-0424) were also indicated
for comparison. (b) An SAED pattern of one BaC sample.

The fabricated DSSC was then connected to a potentiometer and illuminated
under a tungsten-halogen light source with power of 1,000 W. The output
current and voltage were measured respectively by a Keithley Autoranging Mi-
crovolt DMM with a resolution of 10 nA and a Fluke 8840A Programmable

Multimeter with a resolution of 1 uV.

3. Results and Discussion

Figure I shows the X-ray diffraction patterns of the synthesized powders

with difference carbon/boron ratio. Similar X-ray diffraction peaks are observed
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Figure 2: UV-vis spectra of By C powders (x =1/6 — 10).

in all synthesized powders with the initial B/C ratio z from z = 1/6 to = = 10.
There are broadening peaks around 25°, with the barely noticeable sharp peaks
around 6° and 44°, indicating that the synthesized materials are mainly in
amorphous form. The broadening peaks do not match these peaks of B4C (PDF
# 75-0424) neither B13Cy (PDF # 71-0585). No peaks of B4C (such as (021)
at 20 = 37.8°, (104) at 26 = 35.0°, and (012) 20 = 23.5° [32]) are observed. No
peaks of crystalline carbon, boron, or boron oxide are observed either.

TEM SAED patterns only reveals the diffuse rings, confirming the amor-
phous phase of the B, C samples in this study. Figure [lb shows such a kind of
diffuse pattern of BoC samples. The electron diffraction result is in agreement

with the result from the X-ray diffraction.
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Figure [2 shows the UV-vis absorption spectra of B, C (x = 1/6 — 10) with
various B content. The UV-vis absorption of B, C (x = 1/6,1/4) is very low
and there is little absorption when boron is at low concentration (z < 0.25).
Observable absorptions are only detected in high-boron B,C (z > 0.5) samples.
The absorption spectra further indicate that the synthesized B, C powders (with
an initial element ratio z = 0.5 — 10) can significantly absorb UV-vis light from
240 nm to 500 nm, depending on boron/carbon ratio z. Therefore the boron-
rich B,C (z = 1/2 — 10) samples should be one kind of semiconductors with
wide bandgaps. Their absorption edges varied with carbon content.

In order to study the band-structures of the semiconducting samples, the
bandgaps of B,C (z = 1 — 10) samples are calculated from the Tauc method
[31], following

ahv = A(hv — Eg)" (1)

where h is the Planck’s constant, v is the photon’s frequency, « is the absorption
coefficient, F, is the bandgap, n is a proportionality constant, and A is a con-
stant. The value of the exponent n denotes the characterictis of the electronic
transition. Here only band-gaps of boron-rich B,,C (z > 0.5) samples are calcu-
lated from the UV-vis spectra shown in Figure [2| because of little absorption of
these carbon-rich samples with x < 0.5.

The relationships of (ahr)'/™ and hv of these UV-vis spectra were examined
by the trial and error approach for n = 2,1/2,3,3/2, corresponding to allowed
indirect and direct, forbidden indirect and direct band-gap, respectively. We
found that a better linear relationship existed when n = 1/2. Therefore the
synthesized amorphous B, C powders should possess direct bandgaps. Figure 3h
shows the Tauc plots of the B,C (z = 1 — 10) powders when n = 1/2.

The bandgap F, of each sample can be obtained by extrapolating the linear
portion of its Tauc plot to (ahr)? = 0. The bandgap of the B,C powders
determined from the Tauc plot is plotted as Figure [3p. The BoC powders have

the narrowest direct bandgap of 2.25 eV, smaller than others (such as 2.6 eV
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Figure 3: (a) Tauc plots
amorphous BC films [33].

and (b) Band-gaps of By C powders (x
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Figure 4: Core-loss EELS spectrum of B2 C powder, showing boron and carbon K-edges.

for B4C and 2.95 eV for BC samples). This is in good agreement with the
absorption spectra shown in Figure 2]

The measured bandgaps of B,C (z = 1 — 10) are 2.25 eV - 3.80 eV, wider
than that of reported B4C compounds (2.09 eV [34] or 0.15 eV [35]) and ho-
mogenous B, C (z = 4.3 — 11) (1.560 — 1.5695 eV [34]). The bandgaps are also
higher than that of reported hydrogenated amorphous boron (0.90 — 2.19 eV
[36]) and crystal boron (1.5 — 2.1 eV [37]) but closed to that of amorphous di-
amond (2.1 — 2.4 eV [38]) with high sp® proportion. The measured bandgap
is close to theoretical band-gap of crystalline B4C (2.6 — 3.0 eV [35]) and some
reported band gap of amorphous films (such as By 52Cg 45 films with a bandgap
of about 3.8 eV [33]. The wide bandgaps should come from the unique mi-
crostructure of the synthesized samples, as discussed below.

In order to understand the optical properties of the B,C samples, we in-
vestigated the microstructure and chemical bonds of the synthesized borides by
EELS on TEM and Raman scattering respectively. The BoC powder was chosen
among these B, C samples for further characterizations because of its narrowest
bandgap shown in Figure and the strongest / widest absorption shown in
Figure [2|

EELS is a powerful tool to detect light elements besides traditional X-ray
photoelectron spectroscopy, second ion mass spectrometry, inductively coupled

plasma spectroscopy, and electron probe microanalysis. Here EELS is employed
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to detect composited elements of the samples at nanoscale. Figure [] shows a
typical EELS spectrum of one BoC sample (inset is STEM HAADF image). The
EELS spectrum indicates that the material contains the boron and carbon, and
no oxygen is detected. The electron energy loss near edge structure (ELNES)
of boron (B) K-edge reveals two sharp edges at the energy of ~ 194 eV, and
~ 202.8 eV which can be assigned as 7* (sp? bonding) and ¢* (sp® bonding)
peaks, respectively, and one broad feature at the energy of ~ 217 eV. Those
spectral features are similar to these of BN nanomaterials [39, 40] [4T], amor-
phous boron [42] 43], and crystalline B4C nano-inclusions [44]. Additionally the
o* peak in B5C reveals sharp peaks unlike the broad features in other B4C ma-
terials in different crystallinity and morphology [45] [46], 47, 48]. The existence
of m* peak strongly supports the chemical bonding between B and C atoms.
The ELNES of carbon K-edge only exhibits the broad ¢* peak which is simi-
lar to C K-edge features in diamond with sp® hybridization unlike the graphite
contained the additional 7* peak. It indicates significant sp® hybridizations in
the synthesized amorphous BoC compounds

In order to characterize the B distribution within the materials, HAADF
imaging and EELS spectrum imaging were carried out on the as-synthesized
nanomaterials [26]. Both HAADF images and EELS elemental mapping of
boron and carbon (inserts in Figure |4 indicate that boron and carbon uni-
formly distributed at the nanoscale. No boron-rich or carbon-rich regions were
observed in this study. In addition, neither oxygen nor nitrogen is noticeably
observed from EDS and EELS spectra in this study. Therefore, it is reasonable
to conclude that the synthesized nanomaterials are one kind of uniform B-C
materials.

The chemical bonding of the B,C powders was examined by the Raman
scattering spectra. Figure [5| shows a typical Raman scattering spectrum of the
synthesized BoC sample. In comparison with the Raman spectra from crys-
talline B4C [49], amorphous B4C [50], B11C [51], crystalline a-rhombohedral
boron [49], and amorphous boron, the Raman bands here ranging from 550 cm !

to 1200 cm~! can be assigned to the B-B bond (chain rotating and breathing

10
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Figure 5: Raman scattering spectrum of the B2 C sample. A Raman spectrum of single-

crystalline B4C [[9] (c-B4+C) 1is plotted for comparison.

modes of icosahedral B11C or By3). It was reported that the Raman bands in the
600 — 1200 cm ™~ range are associated with the icosahedral modes and relatively
unaffected by the carbon content of icosahedrons [49] while strongly affected by
the structure of the B-cage icosahedral and disordering boron. So the two B-C

I were reserved in the amorphous samples, as observed

bonds near 1,100 cm™
in reported amorphous boron carbides [52]. Here individual B;;C or Bis
icosahedrons should be formed, possess strong chemical bonding around boron
atoms. However, the bands of the icosahedrons are too weak from 550 cm™!
to 800 cm~! and hard to be distinguished from background. The bands in
1200 — 1500 cm™! can be assigned to the D-band and G-band of amorphous
carbon. It was reported that disordering carbon atoms would result in Raman
peak broadening and shifts of the carbon bands [53]. The broad and weak D-
band and G-band here maybe come from high disordering of carbon atoms in
the synthesized powders, or the effect of B-icosahedrons.

Based on the above Raman analyses, it is reasonable to assume that isolating
B-icosahedrons (B11C or Byy) are formed in the synthesized powders. Carbon

atoms should randomly occupy spaces between the boron-icosahedrons, weakly

bonding with boron atoms.

11
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A structural model of the synthesis samples can then be established from the
experimental analyses of the Raman and EELS characterizations. The amor-
phous powders should consist of short-range ordering boron icosahedrons (B1;C
or B12) and amorphous carbon. Carbon atoms distribute randomly among the
boron icosahedrons, working as fillers and bonding to the icosahedrons. The
crystalline boron icosahedrons would provide semiconducting characters while
amorphous carbon fillers tune the bandgaps of the synthesized samples.

The short-range ordering model is closed to other reported theoretical struc-
ture. Ivashchenko and Shevchenko proposed a structure of amorphous B4C,
a random icosahedral network connected with the amorphous B-C matrix, to
carry out density function theory calculation [54]. Pallier et al. reported a
similar microstructure in amorphous boron carbide Bs 5C ceramic [55]. It was
assumed that the amorphous boron carbide was essentially made of random
icosahedrons (B3, B11C, B19C2) embedded in amorphous BC35/BCsB and CBy
matrix. Such kind of icosahedron-based random network was also reported in
amorphous B;_,C, films [52]. Paquette et al. experimentally investigated local
physical structure of amorphous hydrogenated B3C films using magic angle spin-
ning solid-state NMR spectroscopy [56]. NMR data indicated that carbon ex-
isted as extra-icosahedons rather than in segregated phases. Therefore, it is most
possible that the amorphous B, C here are also composed of disordered boron-
icosahedra that are connected by an amorphous carbon matrix. The content
of carbon could be continuously adjustable to fill the spaces among the boron-
icosahedrons, showing no limit solid solubility in the synthesized powders. The
total chemical bonding between carbon and boron-icosahedrons would change
with the B/C ratio, resulting in continuous change of its optical properties.
On the contrary, it is difficult to tune bandgap of crystalline B, C compounds
because of limited solubility of carbon in borides.

Annen et al. qualitatively and quantitatively analyzed the bonding struc-
ture of amorphous hydrogenated boron-carbon thin films using Fourier trans-
form infrared spectroscopy [57]. It was found that carbon was predominantly

sp? hybridized and bonded between boron neighbors in low-carbon-content B, C

12
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(x < 2.3) samples while the sp? hybridized carbon increased with carbon con-
tent. The increasing carbon-carbon bonds dominated the cross-link network in
high-carbon-content B,C (z > 2.3) samples. This maybe the same reason why
the optical properties of our B, C samples can be continuously tuned with B/C
ratio.

The structural model can explain the high carbon content in B, C samples.
According to the boron-carbon phase diagram [58], the boron carbide phase
exists in the homogeneity range when the carbon content is 9 — 20 at %. So
the B-rich B,C powders (such as B1pC and BgC here) should be single-phase
boron carbide. Here, carbon-rich By ,,C, BC, and ByC were also successfully
synthesized, in which the carbon content is higher than 33 at %. According to
the phase diagram, graphite and boron carbide should co-exist once the carbon
content is higher than 20 at %, not one single-phase boron carbide. A most
possible explanation is that extra carbon atoms are bonded to boron-icosahedra
clusters, being amorphous state, not form the crystalline phase to follow the
phase diagram.

The model is also in agreement with chemical activities of the synthesized
samples. X-ray powder diffraction indicated that the synthesized powders were
stable in air for weeks while the amorphous powders transformed into boron
trioxide and amorphous carbon in water. It was reported that crystalline boron
does not react with air and water under normal conditions [59]. However, atomic
boron atoms and isolating boron icosahedra should be more active and reactive
with oxygen and water at room temperature. Differential scanning calorimetry
(DSC) indicated the powders are stable up to 600 °C in protective atmosphere
(Figure S1).

The structural model is also indirectly supported by a calculated optical
absorption of amorphous B5C solid. If BoC is fully amorphous without any
crystalline boron-icosahedrons, a maximum excitation was expected at 7.7 eV,
as shown in Figure S2, far away from the measured bandgap of the By samples.
Thus, the synthesized samples should not be amorphous at the atomic level and

a short-range order should exist in the amorphous samples.

13
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Figure 6: Measured current-voltage characteristics of a BC-based DSSC under AM 1.5 solar

irradiation.

The amorphous B2 C samples can absorb ultraviolet-visible light from 300 nm
to 600 nm. So the B5C sample should have potential applications in photovoltaic
cells. Figure [f] shows a current-voltage (I-V) curve of a BoC-based DSSC de-
vice. The short-circuit current density of the device J,. = 2.3 mA/cm?, open-
circuit voltage V,. = 85 mV, and fill factor FFFF ~ 70 %. The short-circuit
current density and open-circuit voltage are lower than those of TiOs-based
DSSC (Js = 10 — 20 mA /em?, V,. = 600 — 900 mV [60, [61]). However, the fill
facto is close to that TiOg-based DSSC (F'F ~ 70 % [60} [61]). The excellent fill
factor should be contributed to the wide UV-vis absorption of the amorphous
material. More work is being carried out to improve the carbide-based DSSC

behaviors through more efficient counter-electrodes and dyes.

4. Conclusion

Semiconducting boron-carbon (B, C) compound was synthesized by a micro-
wave-assisted carbothermic reaction from sol-gels. The synthesized B,C pow-
ders with a chemical formula of B,C (z = 1/6 — 10) were amorphous with
uniform distribution of boron and carbon at nanoscale. Their bandgaps are
within 2.25 — 3.80 ¢V, depending on the boron/carbon ratio. ~ The powders
should consist of short-range ordering boron icosahedrons and amorphous car-
bon. Such semiconducting amorphous materials have potential applications in

photovoltaics.

14
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