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Introduction

Exfoliation of boron carbide into ultrathin
nanosheetsf

Yuqi Guo,? Adway Gupta,® Matthew S. Gilliam,““ Abhishek Debnath,~
Ahmed Yousaf,“ Sanchari Saha,“® Mark D. Levin,? Alexander A. Green, (& xcd.€
Arunima K. Singh @ *° and Qing Hua Wang @ *2

Liquid phase exfoliation (LPE) is a method that can be used to produce bulk quantities of two-dimensional
(2D) nanosheets from layered van der Waals (vdW) materials. In recent years, LPE has been applied to
several non-vdW materials with anisotropic bonding to produce nanosheets and platelets, but it has not
been demonstrated for materials with strong isotropic bonding. In this paper, we demonstrate the exfolia-
tion of boron carbide (B4C), the third hardest known material, into ultrathin nanosheets. B,C has a struc-
ture consisting of strongly bonded boron icosahedra and carbon chains, but does not have anisotropic
cleavage energies to suggest that it can be readily cleaved into nanosheets. B,C has been widely studied
for its very high melting point, high mechanical strength, and chemical stability, as well as its zero- and
one-dimensional nanostructured forms. Herein, ultrathin nanosheets are successfully prepared by soni-
cation of B4C powder in organic solvents and are characterized by microscopy and spectroscopy. Density
functional theory (DFT) simulations reveal that B4C can be cleaved along several different crystallographic
planes with similar energetic favourability, facilititated by an unexpected mechanism of breaking boron
icosahedra and forming new boron-rich cage structures at the surface. Atomic force microscopy (AFM)
shows that the nanosheets produced by LPE are as thin as 5 nm, with an average thickness of 31.4 nm
and average area of 16000 nm?2 Raman spectroscopy shows that many of the nanosheets exhibit
additional carbon-rich peaks that change with laser irradiation, which are attributed to atomic rearrange-
ments and amorphization at the nanosheet surfaces, consistent with the diverse cleavage planes. High-
resolution transmission electron microscopy (HRTEM) demonstrates that many different cleavage planes
exist among the exfoliated nanosheets, in agreement with DFT simulations. This work elucidates the exfo-
liation mechanism of 2D B4C and suggests that LPE can be applied to generate nanosheets from a variety
of non-layered and non-vdW materials.

produced by LPE have come from bulk layered solids with
strong in-plane bonding and weaker van der Waals (vdW)

Liquid-phase exfoliation (LPE) is a method to produce a large
number of mono- or few-layer nanomaterials by exfoliating
bulk materials with a layered structure, thus producing two-
dimensional (2D) nanosheets with nanometre-scale thickness
but much larger lateral dimensions."* Most 2D nanosheets
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interplanar bonds. Thus, traditional exfoliated vdW materials
include graphene, boron nitride (h-BN), transition metal
dichalcogenides (TMDs), oxides (Ti oxides, Mn oxides, etc.),
MoO, and layered double hydroxides (LDHs)."*®

In the past few years, layered but non-vdW materials have
been exfoliated into 2D nanosheets. Layered MgB,, one of the
metal diboride (MB,) family, was used to produce nano-accor-
dions and nanosheets by Das et al. utilizing liquid exfoliation
in water.” In their work, the few layer-thick MgB, nanosheets
become oxidized but act as a good candidate for flame retard-
ant and mechanical strengthening applications.” The metal
diborides have a more complex bonding environment than
vdW layered materials due to the ionic character of metal-
boron interactions. We have also recently demonstrated the
LPE production of metal diboride nanosheets of eight
different compositions by dispersing them in organic sol-
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vents.'® Furthermore, Puthirath Balan et al have recently
shown the exfoliation of atomically thin sheets from the non-
vdW crystals Fe,O; (hematite), and FeTiO; (ilmenite).'"'* The
two-dimensional “hematene” and “ilmenene” sheets in those
earlier works were shown to enhance the visible photocatalytic
activity of TiO, nanotubes.

However, these earlier works with non-vdW crystals still
start with layered materials. Backes et al. recently showed that
the aspect ratio (length:thickness) of liquid-exfoliated
nanosheets are controlled by the ratio between the in-plane-
tearing energy and the out-of-plane-peeling energy, so that
layered materials with large mechanical anisotropy tend to
yield nanosheets with large aspect ratios.* This analysis also
implies that non-layered materials with anisotropic bonding
schemes can also be exfoliated into non-layered quasi-2D
materials.'*"® Hence the production of nanosheets and nano-
platelets from the exfoliation of non-layered materials could
notably expand the 2D material family, building on the exfolia-
tion of non-layered materials such as Fe,O;, WO;, Se, Te,
pyrite and metal oxides.'"' 16718

Boron carbide has been studied broadly in the past
decades, and it is the third hardest known material surpassed
only by diamond and boron nitride.">*° The two main recog-
nized crystal structures of B,C are B,, icosahedra with C-C-C
chains and B;,C icosahedra with C-B-C chains.**"** The latter
structure is more strongly supported based on the recent
studies of improved X-ray and neutron diffraction, and nuclear
magnetic resonance.'”**>®  Theoretical calculations and
vibrational spectra also confirmed that the B;;C icosahedra
with the carbon atom at the polar site is energetically more
favourable.””?°! The crystal structure of B,C with the B;;C
icosahedra and C-B-C chains is shown in Fig. 1.

© Boron
© Carbon

v

Fig. 1 Crystal structure of boron carbide (B4C). The structure of B,C
consists of 12-atom icosahedra and 3-atom chains. The form of the
structure with By;C icosahedra and C-B-C chains is presented here.
The unit cells along three different directions are illustrated.
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Boron carbide is also known for its exceptional chemical
stability and good electronic conductivity, which makes it suit-
able for making fuel cells and batteries.**> Its high melting
point (2763 °C), high strength and the high content of '°B
isotope also makes B,C widely used in wear-resistant appli-
cations and neutron absorbing composites.**® B,C has also
been shown to have enhanced mechanical properties in metal
composites, and has been incorporated into hybrid
structures.**~*! Thus, the production of two-dimensional B,C
has significant potential for expanding its processing and
applications.

B,C has been previously studied in its zero-dimensional
(0D) and one-dimensional (1D) forms.**** For example,
Mortensen et al. showed how B,C nanoparticles can be used in
T cell-guided boron neutron capture therapy.*” Guan et al. also
synthesized B,C nanowires and showed their thermal pro-
perties are diameter-dependent.*®

Although the synthesis of B,C 2D nanosheets has been
reported elsewhere with thickness ranging from 10 to
100 nm, the synthesis method required high temperature
chemical reactions (1450 to 1950 °C) or other complex syn-
thesis methods.””™*® Recently, Qiu et al formed B,C
nanosheets by stripping bulk B,C in an ultrasonic cell dis-
ruptor, and found that they could act as electrocatalysts
toward N,-fixation in hydrochloric acid.>>*' However, this
work provided no detailed characterization or discussion of
the thickness and the properties of the nanosheets, and the
mechanism behind the production of the B,C nanosheets
was not explained. So to the best of our knowledge, there
have been no previous studies that both demonstrate the
liquid-phase exfoliation of B,C nanosheets from bulk powder
and also their characterization in terms of morphology, size,
thickness metrics, and the mechanism behind the exfolia-
tion of this non-vdW material into 2D or quasi-2D
structures.

In this study, we produce B,C nanosheets by a mild proces-
sing method of tip sonicating B,C bulk powder in several
different organic solvents and confirm the nanosheet struc-
tures by atomic force microscopy (AFM) and transmission elec-
tron microscopy (TEM). We chose four planes according to an
initial observation of the B,C crystal structure that suggested
more favourable cleavage (i.e. no cuts through icosahedra) and
modelled them using density functional theory (DFT). Our
computational results showed the corresponding exfoliation
energy for four selected exfoliated planes (001), (012), (101)
and (300) have binding energies of 0.056, 0.105, 0.116 and
0.113 eV per atom, respectively, which are all below the
thermodynamic stability threshold energy of 0.2 eV per atom
for a free-standing single-layer or few-layer nanosheet.’>** The
evolution of B,C Raman spectra with increasing laser
irradiation time revealed four types of B,C flakes in terms of
the changing intensities of various peaks, which could be due
to the combination of B,C amorphization and exfoliation of
different planes. Histograms of the B,C thickness and area dis-
tributions provided evidence for substantial production of thin
B,C nanosheets. The successful mass production of B,C
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nanosheets is promising for applications such as mechanical
strengthening and catalysis.

Methods

Computational modelling

We studied the energy of exfoliation of B,C along several high-
symmetry planes using first-principles simulations. All simu-
lations are based on DFT using the projector-augmented wave
(PAW) method as implemented in the plane-wave code
VASP.>**” The simulations were performed using the vdW-DF-
optB88 exchange-correlation functional, that provides an
excellent description of the non-local vdW interactions in
materials.’*"*® A k-point density of 40 A~* with a 600 eV energy
cut-off results in an accuracy of the total energies of 5 meV per
atom. The structures are relaxed until the forces on the atoms
are less than 0.005 eV A™'. The simulations of B,C with clea-
vage along the different planes and different surface termin-
ations were performed in a slab geometry with minimum slab
thickness of 15 A and a minimum vacuum spacing of 15 A. To
eliminate effects from surface dipoles, symmetric slabs were
used. Slabs were generated by the pymatgen package.®

Since the different simulated slabs have different numbers
of atoms, we need to normalise the energy of the structures to
draw conclusions about their relative stability. We define the
formation energy of slabs as

. EGraphit Eqyn
c phite B a-Boron
(ESlab - Nslab NC = Ngjap NB
AE; =

Graphite a-Boron

Nslab (1)
where Egiab, Egraphites aNd Eqporon are the energies of the slab,
bulk graphite, and bulk a-boron, respectively. Ngraphke and
NB_ . oon are the number of atoms of carbon and boron in their
respective bulk structures; and N, NS, and Ni,, are the
number of total atoms, carbon atoms and boron atoms in the
slab, respectively. For the bulk counterpart of carbon, we
chose graphite in the Cmme space group (Materials Project ID
mp-568286).°> For the bulk counterpart of boron, we use the
ground state structure of boron, a-boron, in the space group
R3m (Materials Project ID mp-160). Since the structure of
a-boron is very similar to that of B,C with similar boron icosa-
hedra at the corners of the unit cell, it was a suitable choice
for the bulk boron.

Exfoliation of boron carbide nanosheets

Boron carbide nanosheets were obtained by LPE as follows:
0.4 g of B,C powder (Sigma, 378119) was mixed with 6 mL of
organic solvent in 15 mL polypropylene tubes or 7 mL glass
vials, and then the mixture was subjected to tip ultrasonication
at 20% amplitude (Branson Digital Sonifier 450D, 3 mm dia-
meter tip) for one hour. The solvents used were isopropanol
(IPA, Sigma, 19030), acetone (ACT, VWR, BDH110), 1-methyl-2-
pyrrolidinone (NMP, Sigma, 270458), N,N-dimethylformamide
(DMF, Sigma, 227056), and N,N-dimethylacetamide (DMAc,
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Sigma, D137510). The sonicated mixture was then centrifuged
for 5 minutes at 5000 RCF and the supernatant dispersion of
B,C nanosheets was collected and used for characterization.

For the mechanical exfoliation (ME) of boron carbide, Si
wafers with 300 nm SiO, (Wafernet, Inc.) were coated a 20 nm
Ti adhesion layer and 200 nm of Au using physical vapor depo-
sition (PVD) to increase adhesion with the B,C material. The
coated wafers were cleaned in ultrasonic baths of acetone and
isopropanol for 5 minutes each sequentially, and then blown
dry by ultrahigh purity nitrogen gas. The substrates were
placed on a hot plate at 120 °C. The bulk boron carbide
powder was exfoliated on adhesive scotch tape and pressed
onto the heated substrates and peeled away. The deposited
samples on substrates were annealed in vacuum at 300 °C for
5 hours with 200 sccm Ar flow to remove tape residue and
other contamination from the ambient environment.

Raman spectroscopy

Raman spectroscopy was conducted using a WITec alpha300R
confocal Raman microscope system. The laser excitation wave-
length was 532 nm, the objective lens was 100x with ~1 pm
diameter laser spot size. The total laser power was kept at
20 mW (2.547 MW cm™>) to improve the signal-to-noise ratio,
and the 600 grooves per mm grating was used. For Raman
spectrum evolution analysis, the Raman spectrum was con-
tinuously taken every 30 seconds until no changes were
observed in the intensity of all the peaks over the last 60
seconds.

Atomic force microscopy (AFM)

Atomic force microscopy (AFM) imaging was performed in
ScanAsyst non-contact mode on a Bruker Multimode V system
with ScanAsyst-Air tips (Bruker, tip diameter 2 nm). The
images were processed by the Gwyddion software package
version 2.52.%

Statistical analysis of B,C nanosheet thickness and area

Thickness and area distributions of B,C nanosheets were
measured by AFM. Sapphire substrates (1 cm x 1 cm) were
sonicated in acetone and then in IPA for 5 min each to clean
them. The B,C/IPA dispersion from LPE was spin coated (static
spin coating) for 1 min on the cleaned sapphire substrate
three times at a speed of 2500 rpm. The sapphire substrate was
then annealed in a tube furnace at 500 °C with Ar flowing (200
scem flow rate) for 3 h to remove contamination. AFM imaging
was used to measure the morphology and height profiles of
annealed B,C nanosheets. Histograms of nanosheet thickness
and area for LPE-produced nanosheets were plotted by first
processing all AFM images in Gwyddion®* to achieve clear con-
trast and proper image flattening. Height profiles were then
obtained on flakes with clean and sharp boundaries. Image]
was used to obtain the area for each flake used in the area stat-
istics. In total, 169 flakes were counted based on six AFM
images. Then Matlab R2017a was used to plot the histograms.

This journal is © The Royal Society of Chemistry 2021
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Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM)

The B,C nanosheet samples were prepared by liquid-phase
exfoliation as described above. The dispersions were then
dropped onto lacey carbon-coated 400 mesh Cu TEM grids
(Pacific Grid Tech) and dried before imaging. Philips CM-12
(80 kV accelerating voltage) and FEI Titan (300 kV accelerating
voltage) were used for TEM and HRTEM imaging, respectively.

The Gatan Microscopy Suite (GMS) software was used to
analyse the HRTEM images and their corresponding fast
Fourier transforms (FFTs). The powder X-ray diffraction data
contained within PDF Card 00-035-0798 and lattice spacings
we obtained from the FFTs were used to assign the Miller
indices to the planes observed in the HRTEM images.

The Miller indices of proposed exfoliation planes were cal-
culated using a cross product calculation between observed
crystal planes indexed via the FFTs of the HRTEM images. A
generalized cross product is defined as follows:

Az — A XAy (2)

where A; represents the proposed exfoliation plane with Miller
indices (h3k3l3), while A; and A, observed planes perpendicular
to the proposed exfoliation plane, with Miller indices (h,k11;)
and (h,k,l,) respectively. The Miller indices of 4; and A, were
assigned based on the observed d-spacings from the FFTs gen-
erated from the HRTEM images. We assumed that the flakes
being investigated were flat on the TEM grids, and that the
planes where the d-spacings were obtained were aligned paral-
lel to the electron beam.

Results and discussion
Computations of B,C cleavage planes

Formation energies. We used DFT to compute the formation
energies of different slabs of B,C using eqn (1) as described in
the computational methods section for cleavage along four
different planes: (300), (001), (101) and (012). We chose these
particular planes according to the symmetry in the crystals.
The (300) and (001) planes cleave the bulk B,C parallel and
perpendicular to the direction of the C-C-C chains, respect-
ively. The other two planes, (101) and (012), have an arbitrary
oblique angle with the C-C-C chains. The comparison of the
energies for these planes of cleavage can help us ascertain if
there is a correlation between the stability of the 2D slabs and
the angle they make with the C-C-C chains.

While the majority of the experimental results in this work
are discussed in the context of a B,C structure with C-B-C
chains, we pursue our computations with C-C-C chains for
two reasons. First, structures with the C-B-C chain are compu-
tationally expensive to simulate, with more than 50 possible
surface terminations for the chosen planes each containing 90
to 225 atoms. In comparison, only 29 terminations are needed
to simulate the B,C slabs with C-C-C chains, with each con-
taining 46 to 176 atoms. Second, upon simulating the bulk
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structures and some slabs, we noticed that the structures with
C-B-C chains follow the same energy trends as that of the
C-C-C chains, both for the bulk and for similar terminations
in the slabs. For the bulk, the total energy for the structure
with C-B-C chains is lower than the one with C-C-C chains by
0.075 eV per atom. In the (001) slab, for terminations 2 and 6
(defined in Fig. 2), the slabs with C-B-C bonds have formation
energies lower than the ones with C-C-C bonds by 0.042 eV
per atom and 0.071 eV per atom respectively.

The formation energies of the different terminations along
these directions is shown in Fig. 2. In each panel, different ter-
minations at slightly shifted positions are indicated by the
horizontal lines labelled t1, t2, etc. The formation energies AE¢
are plotted in the bar graphs for each termination in each
plane. The minimum AE; for the planes (300) and (001) are
0.113 and 0.056 €V per atom, respectively, while that for the
planes (101) and (012) are 0.116 and 0.105 eV per atom,
respectively. Interestingly, these energies being quite close to
each other suggest that there is not a significant preference in
the choice of a particular cleavage plane. Also, as the structures

a (300) b (001)

-

i L

y 0.0 01 02 00 01 02
AE, (eV/atom) AE, (eV/atom)
to [ e

8
17
t6
ts
t4
13
2 [
t

1 t1E

N 00 01 02 03 ] Y 00 01 02
AE, (eV/atom) AE, (eV/atom)

Fig. 2 Energies of cleavage planes. The figures show the formation
energies of different terminations for the cleavage along the different
planes of B4C: (a) (300), (b) (001), (c) (012) and (d) (101). Boron atoms are
green while carbon atoms are red. The different terminations for each
cleavage plane are numbered tn, where n is counted up from bottom to
top. (e) Relaxed structures for different terminations for cleavage along
the (300) plane.
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with C-C-C bonds all have formation energies below the
threshold of 0.2 eV per atom for free-standing monolayer or
few-layer nanosheets, we can conclude so will the structures
with C-B-C bonds.”>”? Thus, these results suggest that it is
favourable to form B,C nanosheets along many possible direc-
tions or planes.

Relaxed structures. The reason behind the hardness of bulk
B,C, and in fact any structure composed of boron icosahedra,
is a unique covalent bonding scheme called three-centre
bonding.®* Boron is a trivalent atom and can thus contribute
at most three electrons to form covalent bonds. However, in a
By, icosahedron, each B atom has five neighbouring B atoms.
Clearly, this cannot be attributed to regular two-centre
bonding. The resolution is that each triplet of B molecules,
which comprise a face of the icosahedron, share a pair of elec-
trons between them. This results in a peak in the electron
density within the triangular faces of the icosahedra. This
three-centre bonding makes the B icosahedra particularly
stable and hard structures. In addition, the bonds between the
icosahedra are just as strong, if not stronger than the bonding
within the icosahedra, resulting in B,C having extremely
favourable physical and thermoelectric properties.®>°

As a result, we might expect that the structures will be
easier to cleave along the covalently bonded linear C-C-C
chains such that the B icosahedra remain intact. However,
from our simulations, we conclude that this is not the case.
Bader charge analysis shows that C-C-C and C-B-C chains are
more ionic than the B-B bonds, making them much harder to
cleave.®” According to Bader charge analysis, B sites in the B,C
structure C-C-C (C-B-C) chains have an average of —0.51
(=0.17) electrons and C sites 2.03 (0.69).

Thus, we might expect that any termination that cleaves
through the B-icosahedra will be energetically expensive as the
system will transition from an exceptionally stable structure to
a seemingly unstable one. Again, we see from our compu-
tational results that this is not true. Any termination that has
broken B-icosahedra, after relaxation rearranges into new,
stable cages with fewer than 12 B atoms. Fig. 2e shows the
relaxed structure for the different terminations for cleavage
along the (300) plane. All the other relaxed structures for the
different cleavage planes and different terminations for each
plane can be found in the ESI (Fig. S1-S3}) in images that
show the formation of new, smaller B structures at the surfaces
of the slabs. These structures are composed of a combination
of three-centre and regular two-centre covalent bonds depend-
ing on the number of B atoms in the structure. The energy
required to break the icosahedra is thus compensated for by
the formation of these smaller B structures.

Liquid-phase exfoliation of B,C

Following the unexpected computational results showing that
cleavage along different planes is energetically favourable and
breakage of the stable B icosahedra in favour of forming new
smaller B cages, we used experimental methods to cleave B,C.
Few-layer B,C nanosheets were prepared by LPE in several sol-
vents (see Methods for details). LPE takes advantage of ultra-
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sonic cavitation in liquids such as water or organic solvents to
break apart bulk crystals, and can be scaled up to produce a
large quantity of nanosheets. Centrifugation immediately after
sonication removes the bulky undispersed material while the
dispersed nanosheetrich supernatant is harvested. Fig. 3a
shows a photo of B,C dispersions in different organic solvents,
which all appear very dark in colour, indicating high concen-
trations of B,C. The dispersions all remained stable with no
visible precipitation even after several months. Out of all the
solvents used, B,C sonicated in isopropyl alcohol (IPA) gener-
ated the least amount of residue when deposited onto sub-
strates for characterization. Some further results regarding the
stability of the B,C nanosheets are shown in the ESI (Fig. S67).
We note that several different organic solvents produced good
dispersions of B,C here, but are not necessarily suitable for
LPE of conventional vdW 2D materials due to differences in
the cleavage and dispersion mechanisms, which may involve
differences in surface energies, solvent polarity and viscosity,
bond breaking, surface reconstruction, etc.

Fig. 3b shows a TEM image of the B,C nanosheet with
dimensions of approximately 250 nm x 100 nm. Fig. 3c and d
shows a B,C nanosheet with a thickness of 5 nm on a SiO,/Si
substrate after spin coating (see Methods for details), with a
lateral size of about 500 nm.

We analysed a total of 169 B,C nanosheets in AFM images
to produce histograms of their thickness and area (see
Methods for details). Fig. 4a is an example of an AFM image
showing several LPE-generated B,C nanosheets deposited on a
SiO,/Si substrate and Fig. 4b shows the height profile for
selected nanosheets in Fig. 4a along the dashed lines labelled
1-6. Fig. 4c shows the histogram of the thickness of B,C flakes
produced by analysing multiple images similar to Fig. 4a. We

IPA Acetone NMP DMF DMAc

'
d
£
£
b=
k=3

*ZA 5]

o

— PN il Pt D LTI

100 nm 0 50 100 150 200 250 300 350

Distance (nm)

Fig. 3 Liquid-phase exfoliation (LPE) of B4C nanosheets. (a) Vials of B4,C
nanosheets in five different organic solvents: isopropanol (IPA), acetone,
N-methyl-2-pyrrolidone (NMP), dimethylformamide (DMF) and di-
methylacetamide (DMAc). (b) TEM image of B4C nanosheets dispersed in
IPA. (c) AFM image of B,C nanosheet dispersed in IPA and deposited on
SiO,/Si substrate. (d) Height profile along the dashed line in (a) indicating
the ~5 nm thickness of the nanosheet.
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Fig. 4 Atomic force microscopy of B4C nanoflakes from LPE. (a)
Representative AFM image of LPE-produced B4C flakes spin coated on
Si/SiO, wafer. (b) Height profiles of six selected flakes in (a). (c)
Histogram of thickness of B,C nanosheets measured from AFM. The red
dashed line indicates the mean thickness at 31.4 nm. (d) Histogram of
area of B4C nanosheets with the dashed red line indicating the mean
nanosheet area at 16 070 nm?.

find that the flakes are between 4 to 106 nm thick, with the
majority of the flakes found between 4 and 60 nm, with a
mean thickness of 31.4 nm. Fig. 4d shows the histogram of the
area of B,C flakes. The mean value for the area is 16 070 nm?,
which correlates to approximate dimensions of ~150 nm X
100 nm for typical flakes.

Mechanically exfoliated B,C

After the formation of B,C nanosheets via LPE, mechanical
exfoliation (ME) was performed on bulk B,C powder (see
Methods for details) in order to obtain samples from a less
disruptive method to conduct further characterization.
Because B,C has much stronger bonding between atoms and
is not a van der Waals material, the resulting flakes were
usually a few hundreds of nanometres thick with a lateral size
of a few micrometres across. From our experiments, we found
that gold-coated Si/SiO, substrates resulted in better adhesion
to the B,C than Si/SiO, alone. Fig. 5a shows an optical micro-
scope image of a thick ME B,C flake on a gold-coated SiO,/Si
substrate. Although the ME B,C flakes are rather thick com-
pared to LPE B,C flakes, the AFM image in Fig. 5b shows flat
step edges on the top of the ME B,C flake in Fig. 5a, and pro-
vides some insight on the structure and cleavage into layers.
Fig. 5¢ shows the height profile for the dashed line in Fig. 5b,
showing that the height for each step edge is about 5 nm,
which is similar to the thinnest B,C nanosheets obtained from
LPE (Fig. 3c). While ME in this case of a non-vdW material
cannot produce nanometer-thick flakes, it does provide impor-
tant confirmation of the cleavage at the surface.

Raman spectroscopy was performed on the mechanically
exfoliated B,C flakes. Fig. 5d shows the optical images of the
characterized flake after 60 s and 900 s of laser exposure (see
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Fig. 5 Mechanically exfoliated B4C nanosheets. (a) Optical microscopy
image of mechanically exfoliated B,C nanosheet deposited on a gold-
coated SiO, substrate. (b) AFM image of step edges on the B4;C
nanosheet in (a) in the area marked by the white square. (c) Height
profile along the dashed line in (b) showing ~5 nm steps. (d) Optical
images of mechanically exfoliated B4C flake on SiO,/Si substrate after
60 s and 900 s laser exposure (the location where the laser is hitting is
marked by the circle). (€) Raman spectra for untreated bulk B,C powder
and the same B4C flake from panel (d) after 60 s and 900 s laser
exposure time, and the bare Si substrate. Prominent peaks from the B,C
spectrum at the labelled wavenumber positions.

Methods for details). The flake remained intact and no
obvious change was seen for the Raman spectra as plotted in
Fig. 5e. There is some debate about the true nature of the two
peaks at 266 and 320 cm ™', but according to Werheit et al.,
they likely originate from the rotation of C-B-C and C-B-B
chains (when carbon content in the B,C is low) associated
with the wagging modes of the icosahedra, and tend to
decrease in intensity with decreasing carbon content.'®%*7?
Both the 481 and 533 cm™" peaks are linked to the stretching
vibrations of the C-B-C chains.’®’* The peak at 481 cm™ is
believed to be the chain rotation perpendicular to the (111)
plane, which was first suggested by calculations by Lazzari
et al.*® It was then experimentally confirmed by Domnich et al.
using B,C with different orientations. They found the intensity
of the 481 cm™" peak decreased when the sample was rotated
to different angles from the (111) orientation.”® This was also
confirmed by Vatst et al., since the atomic displacement was
the greatest when the C-B-C chain is at 90° to the chain axis.>
We note that in the Raman spectrum in Fig. 5e, the 533 cm™"
peak is very close to the SiO, bulk peak at 520 cm™" and can
be difficult to resolve. The vibrations within the icosahedral
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units are commonly believed to be the source for the peaks
between 600 to 1200 cm '.**”® The prominent peak at
1088 cm™' is a high stiffness vibration mode in B,C that was
shown by Domnich et al. to have no pressure dependence."’
These main Raman peaks for B,C are observed in the bulk
powder material, mechanically exfoliated, and liquid phase
exfoliated nanosheets.

Evolution of Raman spectra of LPE-produced B,C nanosheets

The Raman spectra of 50 individual B,C nanosheets produced
by LPE were analysed as a function of laser irradiation time.
We identified four general types of flakes depending on how
their Raman spectra evolve with increasing laser irradiation
time. Changes in the relative intensities of Raman peaks
associated with the B,C crystal and peaks associated with
carbon-rich phases were observed, as shown in Fig. 6. In con-
trast, the ME B,C flakes had consistent Raman spectra that did
not change with laser irradiation time.

Representative spectra from the four types of flakes of LPE
B,C are plotted in Fig. 6, which are labelled Type I to Type IV
in panels (a) to (d), with the percentage of flakes exhibiting
each type of behaviour given in the parentheses. In panel (a),
all the main B,C characteristic peaks are labelled from 266 to
1083 cm™'. Peaks coming from graphitic or carbonaceous
phases, the D band (~1350 cm™!) and G band (1590 cm ™), are
also labelled. Previous work on the mechanical deformation of
B,C has shown the formation of carbon-rich amorphous
regions that contribute these peaks.”*”® Also, small peaks
from the sapphire substrate are labelled with asterisks.
Representative plots of the evolution of the ratio of intensities
of the D band to the B,C peak at 1080 cm™ as a function of
laser irradiation time are shown in Fig. 6e. That is, this ratio
represents the amount of carbon-rich amorphous regions com-
pared to the amount of B,C.

Type I is the most frequently seen, corresponding to about
64% of the total flakes that were analysed (Fig. 6a). In this
type, the spectrum starts with small peaks associated with a
carbon-rich phase, and all the other characteristic B,C peaks,
but the carbon peaks disappear after a short laser exposure
time. The intensities of all the B,C peaks also decrease steadily
with prolonged laser exposure. The sapphire peak labelled
with the asterisk can be seen in the last stage as the flake
becomes thinner and thinner with increasing laser irradiation
time. We speculate that this behaviour may be because the
B,C flakes were coated by a thin layer of amorphous carbon
generated during the LPE exfoliation, which could then be
easily removed by the laser to reveal the relatively undamaged
B,C beneath.

The main difference between Type II and Type I is the
initial intensity of the carbon peaks: Type I flakes start with
small carbon peaks, while Type II flakes start with strong
carbon peaks. The B,C peaks gradually become sharper while
the carbon peaks decrease steadily with laser exposure and are
gone by the last stage. It is noticeable that some flakes become
thinner in the end such that the peak from the sapphire sub-
strate (labelled with the asterisk at 420 cm™') becomes sharp
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Fig. 6 Comparison of evolution of Raman spectra for LPE-produced
B4C flakes. Raman spectra were continuously acquired over several
minutes from 50 individual B4C flakes. Over time, the features in the
Raman spectra evolved and were divided into four types. (a—d)
Representative Raman spectra over time categorized as Types | to IV.
The main peaks from B,C are labelled with numbers indicating their
wavenumber positions. The peak from the sapphire substrate is marked
with *. (e) The ratio of the area of the D band peak at ~1350 cm™ and
the area of the prominent B,C peak at 1080 cm™ is plotted as a function
of laser exposure time for four representative B,C nanosheets, one from
each type.

and prominent. Approximately 14% of the examined flakes
showed this kind of Raman spectrum. It is also notable that
the ratio of peak intensities between the 481 cm™ and
533 cm™ " peaks varies from 2:1 to 1:1 (see Fig. S47) for type I
and type II, which could be attributed to the transition of the
C-B-C chains to the C-B-B chains as carbon atoms were lost
during the chain breaking process.””

Type III flakes (Fig. 6¢) start with all the strong character-
istic B,C peaks but no noticeable carbon peaks, but then the D
and G bands appear in the middle stage (between 350 s to
750 s of irradiation) and remain present. Approximately 12%
of the flakes showed this behaviour. Type IV (Fig. 6d) starts
without carbon peaks, but they soon show up (typically
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between 200 s to 400 s). Then, the intensity of the carbon
peaks diminishes drastically and disappear in the final stage.
Approximately 10% of flakes showed this behaviour.
Representative time traces of all four types of behaviour are
shown in Fig. 6e (see Fig. S5t for additional time traces).

Based on these Raman spectra, it is likely that graphitic
domains are formed on the surfaces of and even inside the
cleaved B,C as a result of exfoliation. In graphitic domains, the
peak at ~1300-1360 ecm™" can be ascribed to the breathing
vibrations of the aromatic rings and is normally attributed to
disorder in the carbon bonding and is called the D band,
while the peak at ~1580-1590 cm™" can be ascribed to the in-
plane vibration of the sp> C=C bond and is known as the G
band.”®%° We believe that the formation and the evolution of
these carbon peaks could be a combined effect of the different
planes within the B,C structure that are cleaved, the defects
induced by the mechanical forces applied during LPE, and the
damage from the laser power with increasing irradiation time.
These effects are described in more detail below.”>”®

The plane of cleavage or exfoliation within the B,C crystal
controls the arrangement of atoms on the surface of each
flake, and so some surfaces may have more carbon atoms
exposed to the laser as described in the computational results
section and in the (ESI{). Tallant et al. showed how the C-B-C
chains change into C-B-B chains when the carbon content
was decreased; the “freed” carbon atoms can then form gra-
phitic carbon and contribute to the formation of the D and G
bands.” The degree of defects in the re-formed carbon regions
affects the D band intensity. As mentioned earlier, the
481 cm ™" peak in the B,C spectrum originates from the chain
rotation perpendicular to the (111) plane. Thus, different clea-
vage planes are expected to have a major effect on the Raman
spectrum due to the nature of the C-B-C chains and icosahe-
dra in the B,C structure: different planes have very different
vibrational and rotational modes and the atomic displacement
also varies from different angles between the chains and the
icosahedra.”® Furthermore, in relatively thin nanosheets rather
than the bulk, the effect of surface features will tend to domi-
nate the measured spectra.

HRTEM of LPE-produced B,C and cleavage plane analysis

High-resolution transmission electron microscopy (HRTEM)
was used to image the LPE-produced B,C nanosheets to
further study their morphology and crystal structure, and to
find evidence of different cleavage planes as suggested by the
DFT results. Representative HRTEM images of LPE B,C
nanosheets are shown in Fig. 7 column a, showing sheet-like
structures. Zoomed in images of the same flakes are shown in
Fig. 7 column b, depicting various crystallographic orien-
tations. The insets in column b feature the fast Fourier trans-
forms (FFTs) of the HRTEM images. The lattice spacing in one
image is indicated in the first image of column b. As described
in the Methods section above, the cleavage planes are calcu-
lated using the cross product of two vectors indexed in a given
FFT pattern. Arrows depicting the vectors chosen for the cross-
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Fig. 7 (a) HRTEM images showing the morphology of selected flakes.
(b) Zoomed in images of flakes from (a) with inset showing FFTs anno-
tated with vectors used to determine exfoliation plane. (c) Crystal struc-
tures for B4C showing the calculated exfoliation planes in the HRTEM
data shown in (a) and (b).

product calculation for the flakes shown in Fig. 7 are shown in
the inset FFTs.

We have examined over 30 flakes by HRTEM, and based on
our analysis have found many different possible cleavage
planes exhibited by exfoliated B,C nanosheets. One such
observed cleavage plane, the (300) plane depicted in the first
row of Fig. 7, is one of the planes we have extensively examined
through computational modelling above. While we have seen
the presence of the (300) plane and other planes from the
{100} family we have observed no instance of any of the other
planes we have modelled above. However, we do note the simi-
larities between the {100} and {010} families of planes, as
depicted along with the calculated cleavage planes of the other
flakes in Fig. 7 in column c. It is worth mentioning that these
two families are among two of the more common planes we
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have observed across all of the flakes we have analysed, and
are consistent with the planes with the lower formation ener-
gies from the earlier computational analysis (see Fig. 2).
However, there are indeed many possible cleavage planes that
we have experimentally observed, also in agreement with the
computational results that many planes are energetically
favourable and can result in stable nanosheets.

However, we also observe experimental evidence of planes
that do not bear many similarities to flakes we have examined
in our computational analysis, depicted in the last two rows of
Fig. 7: the (411) and (221) planes. As seen in the diagram of
the crystal structures in Fig. 7, column c, exfoliation along the
final two cleavage planes results in some combination of
breakage of the icosahedra and breakage of the C-B-C chains.
The observation of multiple possible exfoliation planes with
different resulting bond breaking events suggests the behav-
iour of B,C upon exfoliation in solution-phase is more
complex than what is observed in anisotropic or layered
materials. These observations are also consistent with our
computational results, which showed that the different clea-
vage planes did not show a significant difference in formation
energies, indicating that many planes are similarly energeti-
cally favourable for cleavage.

Conclusions

In conclusion, we have produced boron carbide nanosheets
with nanometre-scale thickness for the first time by liquid
exfoliation of boron carbide bulk power in several solvents.
Histograms of AFM images show the average thickness and
surface area for the B,C nanosheets are 31.4 nm and
16 070 nm?, respectively. The thinnest B,C flake we found was
approximately 5 nm thick, about the same height of the step
edges we found on the top surface of a mechanically exfoliated
B,C flake. Our DFT calculations showed the formation ener-
gies of four possible exfoliation planes (001), (101), (300) and
(012) at different termination positions are below the
threshold of 0.2 eV per atom for free-standing monolayer or
few-layer nanosheets, indicating that it is energetically feasible
to cleave B,C along these planes, in many cases involving the
breaking of boron icosahedra and formation of new boron
cage structures. The similar formation energies for cleavage
along different planes suggests that there are multiple ways to
cleave the B,C structure to form nanosheets. We found experi-
mental evidence via HRTEM imaging of the exfoliation of B,C
along the (300) plane and other planes within the {100} family
in addition to the structurally equivalent {010} family. We also
note experimental evidence for many other planes including
(411) and (221) planes, suggesting the rich exfoliation behav-
iour of B,C in the liquid-phase exfoliation process. The clea-
vage along a variety of planes in B,C is also reflected in the
different behaviours observed by Raman spectroscopy, where
peaks from the B,C structure and from carbon-rich amor-
phous regions are observed to change with laser irradiation
time. We anticipate the successful exfoliation of B,C
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nanosheets will pave the way for future applications in areas
such as catalysts, mechanical strengthening and batteries or
fuel cells.
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