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The preparation of two-dimensional boron (B) nanosheets, especially for borophene, is still a challenge
because of its unique structure and complex B—B bonds in bulk boron. In the present work, a novel
preparation technology for borophene with only a few layers and large flake sizes is developed by
a solvothermal-assisted liquid phase exfoliation process, consisting of ball milling-thinning, solvothermal
swelling, and probe ultrasonic delamination. The exfoliation effect of the bulk B precursors is related to
the surface tension and Hildebrand parameter of the selected solvents such as acetone, N,N-dimethyl
formamide (DMF), acetonitrile, ethanol, and N-methyl pyrrolidone (NMP), and a relative small surface
tension when using solvents is favorable for the exfoliation of bulk B. Four-layer thick borophene and an
average lateral size of 5.05 um can be obtained in acetone as the exfoliating solvent. The surface
composition of the exfoliated few-layer borophene with large flake size hardly changes, while the
chemical state of B changes to some extent because they are partly oxidized on the surface by
contaminates before and after exfoliation. This acetone solvothermal-assisted liquid phase exfoliation
technique can be used to prepare high quality borophene with large horizontal sizes, and it will provide
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Introduction

Two-dimensional layered materials (2DMs) have an infinite
crystalline structure and are made of periodic units in the plane
dimensions while the atomic thickness is in the third out-of-
plane dimension." Because of their novel structures, 2DMs
show unique electronic and optical properties from the bulk to
the monolayer structure, and the reports on their preparation
methods, structures, and physical electrochemical properties
have gained broad interest.>* From the discovery of graphene in
2004, many 2DMs with novel properties and structures have
been investigated, and their excellent potential applications in
optoelectronics, electronics, energy conversion and storage,
sensing, flexible devices, and many other fields have also been
investigated.®** Although many 2DMs have been designed and
prepared and their structures and properties have been
researched, 2DMs with novel structures and properties are still
pursued in basic to applied research.
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the basis to study few-layer borophene with large sizes further.

Recently, 2DMs constructed by light elements and non-
metals such as boron (B), nitrogen (N), oxygen (O), and
carbon (C) atoms have gained wide attention because of their
diverse structures and properties."”** Borophene is one form of
the new 2DMs constructed by light elements and non-metals;*®
it is generally composed of single atom thick boron, and has
aroused great research interest in recent years because of its
tunable gap,”” high chemical stability,’® high energy storage
capacity,” superconductivity,” and high carrier mobility.>
However, it is distinct from carbon materials that generally have
a layered structure. There are few experimental studies on
borophene because the complicated structure and electron
deficient characteristics of bulk boron introduce many diffi-
culties into the borophene preparation, although several theo-
retical calculations indicate that layered borophene exists in
a stable form.>>*

In order to investigate the structure and properties of bor-
ophene, pure 2D borophene must be prepared, and particularly
borophene nanosheets because of their metallic nature among
other elemental 2D materials.”® In general, top-down and
bottom-up methods are used to prepare 2DMs with novel
structures and properties.>” Up to now, top-down approaches,
such as chemical exfoliation and sonication assisted liquid-
phase exfoliation, have been widely used to prepare 2DM
nanosheets from their bulk precursors.”*?' To realize liquid-
phase exfoliation of layered 2DMs, bulk layered precursors

This journal is © The Royal Society of Chemistry 2020
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with high quality and good crystallinity are usually required.
The bulk boron layered precursor exhibits complex and diverse
bulk structures and weak crystallinity due to the rich bonding
configurations among B atoms, and it is very different from bulk
black phosphorus, graphene, and others with naturally layered
structures,® thus making it highly challenging to prepare bor-
ophene nanosheets with only a few layers and large sizes by
direct liquid phase exfoliation methods. Thus, only a few
studies have reported the preparation of few-layer borophene
nanosheets by liquid phase exfoliation from B layered precur-
sors. A few boron nanosheets with an average thickness of
1.8 nm are obtained by sonication-assisted liquid phase exfo-
liation of a 2D boron precursor, but their horizontal size is only
a few hundred nanometers.”® Using sonication-assisted liquid-
phase exfoliation of bulk B, high-quality few-layer B sheets
were prepared in large quantities by the Teo group, and the
exfoliating solvent types and centrifugation speeds controlled
the lateral size and thickness of the exfoliated B sheets.*
Recently, the Vinu group investigated the exfoliation behavior of
a bulk boron precursor using a sonochemical exfoliation of
boron powder in various solvents; they found that acetone is an
excellent exfoliation solvent, in which the obtained few-layer
boron sheets have lateral dimensions as large as 1.2 um and
varying thickness from 2 nm to 18 nm (1-10 thick).** From the
above cited work, it can be seen that although some interesting
experimental results for borophene with a few layers have been
obtained, the relatively thick layers and smaller size with poor
uniformity do not still meet the requirements of borophene
nanosheets with few layers and large size. Therefore, developing
a facile and efficient method to realize homogeneous monolayer
or few-layer boron nanosheets with large horizontal sizes as well
as thin thickness is a challenging task.

Herein, an acetone solvothermal-assisted liquid phase exfo-
liation technique was developed to prepare high quality bor-
ophene with large horizontal sizes. Using the swelling effect of
the acetone, the B powder precursor was first wetted in acetone.
Then, the wetted B precursor was further solvothermally treated
in acetone at 200 °C, followed by sonication with a probe-type
sonicator at 225 W for 4 h. Borophene with a few layers of
boron and a horizontal size up to 5.05 um was finally obtained.
The acetone solvothermal-assisted liquid phase exfoliation
technique can be used to prepare boron nanosheets with large
horizontal sizes and high quality, which can be used in basic
materials research to examine borophene more critically.

Results and discussion

An acetone solvothermal-assisted liquid phase exfoliation
process, which consists of ball milling-thinning, solvothermal
swelling, and probe ultrasonic delamination, for bulk B
precursors with layered structures is shown in Fig. 1. First, bulk
B precursors were ground in acetone and thinned in a mortar
for 60 min due to the relatively small surface tension of acetone
among organic solvents, and a transparent dispersion was ob-
tained. Next, the B precursor dispersion was transferred into
a Teflon-lined autoclave and solvothermally treated at 200 °C for
24 h, the B precursors were further swelled from acetone
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Fig. 1 Schematic illustration of borophene with few layers exfoliated
by the probe ultrasonic assisted solvothermal treatment process.

molecules intercalating into the interlayer of B layers, and the
weakened interlayer forces made it easier to exfoliate. Third, the
transparent dispersion was sonicated with a probe-type soni-
cator at 225 W for 4 h, exfoliating the B precursors into few-layer
borophene nanosheets suspended in acetone, similar to a black
phosphorous dispersion that has been sonicated for 1 h
continuously in acetonitrile.*® The obtained cloudy dispersion
was centrifuged at 6000 rpm for 20 min, the exfoliated B
nanosheet supernatant was collected, and the color of the
exfoliated B nanosheet supernatant was light brown compared
with its original cloudy dispersion.

In order to investigate the exfoliation effect of different
organic solvents with different surface tensions on bulk B
precursors, dimethyl formamide (DMF), acetonitrile, ethanol,
and N-methyl-2-pyrrolidone (NMP) were examined along with
acetone. The experimental results using the same treatment
condition and process are shown in Fig. 2. The SEM and TEM
images of the treated B precursor dispersion in different five
solvents show the exfoliation of bulk B precursors and that the
sheet thickness and particle size of the obtained borophene are
very different for different solvents. Although an obvious Tyn-
dall effect for the exfoliated borophene suspension corre-
sponding to the borophene nanosheets dispersion in solvents
can be observed in five solvents (inserts of each TEM image), the
exfoliation effect has obvious differences. In the five organic
solvents, the exfoliation efficiency of bulk B precursors gradu-
ally decreases in the following order: acetone, DMF, acetoni-
trile, ethanol, and NMP, and the best exfoliation effect is

Fig. 2 Optical microscope photos, SEM images, and TEM images of
borophene with few layers exfoliated in different solvents: acetone (a—
c), DMF (d-f), acetonitrile (g—i), ethanol (j—1), and NMP (m-o0) (the
insets show the Tyndall effect of borophene dispersion with few
layers).
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observed in acetone. Moreover, the influence of the ultrasonic
power and time on the exfoliation effect was investigated, and
the experimental results are shown in Fig. S1.7 It can be seen
that when the ultrasonic power or reaction time increase, the
morphologies of the exfoliated nanosheets differ from each
other and they tend to fragment. In acetone, the obtained
suspension can not only maintain good dispersibility, but also
achieves the largest particle size for the obtained borophene
nanosheets (Fig. 2a-c). For DMF, acetonitrile, and ethanol, the
exfoliated amounts and the particle size of the obtained bor-
ophene nanosheets are intermediate for bulk B precursors
(Fig. 2d-1). While in the NMP medium, the exfoliation effect is
small and only partially thin and diminished boron precursors
are observed in the SEM and TEM images (Fig. 2m-o). These
results indicate that the exfoliated amounts and the particle size
of the obtained borophene sheets are closely related to the
exfoliation solvent. For acetone, DMF, acetonitrile, ethanol, and
NMP, the surface tensions are 23.7, 25.7, 29.58, 22.27, and 41
mN m™ ', respectively,*® suggesting that the exfoliation effect of
bulk B precursors is related to the surface tension of the reac-
tion solvents, and a solvent with a relatively small surface
tension aids the exfoliation of bulk B. In addition, the Hilde-
brand parameter, 67, which is the square root of the ratio to
total molar cohesive energy and the molar volume of the specific
solvent, is commonly used for the choice of solvent in graphene
exfoliation experiments according to basic solubility theory.*”**
For acetone, DMF, acetonitrile, ethanol, and NMP, their Hil-
debrand parameters are 19.9, 24.9, 24.4, 26.5, and 23 MPa'?,
respectively,* indicating that the good exfoliation effect of bulk
B can be obtained in the solvent with a small surface energy and
Hildebrand parameter. In addition, the colloidal stability of the
delaminated borophene suspensions in acetone and acetoni-
trile was tested when they were placed at room temperature for
three months. The acetone suspension exhibit the clear Tyndall
effect and few obvious precipitation, indicating that it has good
dispersion compared with that in other solvents (Fig. S27).
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Fig. 3 AFM images and the corresponding height profiles of bor-
ophene with few layers exfoliated in different solvents: acetone (a and
b), DMF (c and d), acetonitrile (e and f), ethanol (g and h), and NMP (i
and j), respectively.
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Fig. 4 Statistical data showing the lateral flake size average (a) and the
thickness (b) of borophene with few layers in acetone.

In general, the ideal exfoliation for 2DM layered compounds
leads to few-layer or monolayer nanosheets. Therefore, the
thickness and lateral flake size of the exfoliated nanosheets in
different solvents are characterized by AFM, and the experi-
mental results are shown in Fig. 3. It can be seen that nearly
homogeneous thickness is observed in acetone in different
selected areas, and the average thickness is about 3.5 nm
(Fig. 3a and b). Because the thickness of borophene nanosheets
is about 0.8 nm,** the exfoliated borophene consists of four B
layer nanosheets. On the other hand, either the thickness or
transverse dimensions from the obtained suspensions in other
solvents are not better than that of the obtained suspension in
acetone, suggesting that acetone is the ideal exfoliation solvent
for bulk B precursor. More importantly, the homogeneous
distribution of the exfoliated borophene thickness and the
small lateral flake size are displayed in the images (Fig. 3c—j).
The AFM statistical results indicate that the lateral flake size
and the thickness of the exfoliated borophene in acetone are
5.05 um and 3.5 nm, respectively (Fig. 4a and b). Plots of the
lateral size vs. thickness for the delaminated borophene nano-
sheets in acetone show that the average size distribution of the
borophene nanosheets are between 2.35 to 6.58 pm and less
than 5 nm thickness, indicating that the delaminated bor-
ophene is few-layered and has large flake sizes (Fig. S31). On the
other hand, the lateral flake size and the thickness of the
exfoliated borophene in the other four solvents show an inho-
mogeneous distribution (Fig. S4 and S57).

A comparison between literature results and the present
finding on the size and thickness of borophene nanosheets
obtained by liquid-phase exfoliation is shown in Table 1. It can
be seen that the solvothermal-assisted liquid phase exfoliation
provides an effective strategy for preparing borophene with
large sizes and few-layers. The Vinu group reported free-
standing borophene sheets obtained in various solvents, and

Table 1 The comparison between literature results and the present
finding on the size and thickness of borophene with few layers by
liquid-phase exfoliation

Dispersant Thickness Size Reference
DMF 1.8 nm 200 nm 33
IPA 4.7 nm <100 nm 33
Acetone 2-18 nm 1.2 um 34
Acetone 3.5 nm 5.05 pm Our work

This journal is © The Royal Society of Chemistry 2020
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acetone performed exceedingly well for the exfoliation.
Although different B sheets are obtained under variable
centrifugation speed and corresponding times, the largest
lateral dimension of their B sheets was only 1.2 um, which is
much smaller than 5.05 pum in this work. Therefore, it is
concluded that borophene with a few layers and large flake sizes
can be prepared by an acetone solvothermal-assisted liquid
phase exfoliation process from selected bulk B precursors. Since
the best exfoliation effect of bulk B precursors was achieved in
acetone, the obtained borophene was further characterized for
the remainder of the report.

By freeze-drying the suspension of the exfoliated borophene
in acetone, the obtained morphologies with low and high
resolution are shown in Fig. 5a and b. Compared to the
morphology of bulk B precursor (Fig. S6T), an obvious loose
flake morphology is observed (Fig. 5a), and the parallel layered
structure is clearly shown in high resolution in Fig. 5b. The
formation of the parallel layered structure may be evidence for
the exfoliated state of bulk B precursors, supporting the
occurrence of exfoliation in acetone. The exfoliated state of
2DMs is a thermodynamically metastable state, so it only takes
place under specific conditions. Therefore, the exfoliated
nanosheets are usually restacked and reform the parallel
layered structure during the drying process, which is confirmed
by freeze-drying the suspension of exfoliated borophene. In
order to thoroughly investigate its morphology and crystal
structure, the exfoliated borophene was further characterized by
TEM and HRTEM. The TEM image shows the thinner and larger
restacked parallel layered morphology (Fig. 5c). The HRTEM
image (Fig. 5d) and the corresponding fast Fourier transform
(FFT) diffraction pattern of the representative (Fig. 5e¢) shows
the clear interference fringe with a d-spacing of 0.504 nm, which
corresponds to the (104) plane of a B-rhombohedral boron
structure,® suggesting that the crystalline state of the exfoliated
borophene in acetone does not change.

HAADF STEM and corresponding EELS elemental mapping
images of the exfoliated borophene indicate that B is uniformly
distributed throughout the whole nanosheet, and a certain
amount of C and N are found on some edges of the nanosheet
(Fig. 6). The contents of B, C and N are 55.22%, 30.40% and
0.67%, respectively, and the remaining component is probably
ascribed to O. The large amounts of C are caused by a carbon

Fig. 5 SEM images with low resolution (a) and high resolution (b) and
TEM images of borophene with few layers obtained by probe ultra-
sonic assisted solvothermal exfoliation in acetone and corresponding
FFT pattern of the selected area (c—e).
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Fig. 6 HAADF STEM and corresponding EELS elemental mapping
images of borophene with few layer boron sheets by probe ultrasonic
assisted solvothermal exfoliation, followed by centrifugation treatment
in acetone: STEM image (a), boron (b), carbon (c), and oxygen (d).

film, and the small amounts of N and O are likely due to the
surface contamination that occur during exposure to an air
atmosphere and the exfoliating solvent. In the following XPS
characterization of the bulk B precursor, large amounts of
oxygen are detected, suggesting that the small amount of O in
the EELS elemental mapping image for the exfoliated bor-
ophene is mainly derived from the bulk B precursor itself.

For the exfoliated borophene, the phase purity and crystal-
line structure was further characterized by XRD and Raman
spectroscopy, in comparison with the bulk B precursors, and
the experimental results are shown in Fig. 7. Compared with the
XRD pattern of the bulk B precursors, a similar XRD pattern is
observed, and most of the major diffraction peaks can be
indexed to the B-rhombohedral boron (JCPDF 00-031-0207),
suggesting that the crystalline structure is nearly conserved
before and after the exfoliation. However, minor changes in that
the diffraction peak intensity decreased for the exfoliated bor-
ophene were found, suggesting that the crystals may have
a preferred orientation during the exfoliation process (Fig. 7a).
Raman spectroscopy is an effective method to characterize the
atomic bonding in materials. Because of the anisotropy, no
identical symmetry axes, and atomic displacements toward the
atomic ridges of borophene, more characteristic Raman peaks
for borophene should be observed. Except for the weak series of

Raman peaks, the characteristic peak at 1070 cm™*
®)
@ 1500 cps BB 100 cps
Bulk B
Bulk B
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Fig. 7 XRD patterns (a) and Raman spectra (b) of bulk B and bor-
ophene with few layers obtained by probe ultrasonic assisted sol-
vothermal exfoliation.
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Fig. 8 XPS spectra (survey) (a) and short scan XPS B 1s (b) of bulk B and
borophene with few layers obtained by probe ultrasonic assisted sol-
vothermal exfoliation.

corresponding to the vibration mode of inter-icosahedral B-B
bonds* is observed in both samples before and after exfolia-
tion, suggesting that the atomic bonding hardly changes for the
exfoliated borophene (Fig. 7b).

In order to investigate changes in the surface composition
and chemical state of B layers before and after exfoliation, XPS
was utilized. From the XPS survey scan spectra of B bulk and the
exfoliated borophene ranging from 0 to 600 eV, it can be seen
that the main peaks corresponding to B, C, O, and N are
maintained for the two samples, and the B content does not
undergo any obvious change, suggesting that their surface
compositions hardly change before and after exfoliation
(Fig. 8a). The quantitative evaluation of the obtained material
composition for both bulk B and the exfoliated borophene is
listed in Table 2, indicating that the main composition is still B
and some B is oxidized during the exfoliation process. The
presence of O and C in the XPS spectra primarily arises due to
airborne impurities and residual solvents. However, the peak
intensity corresponding to the amount of O species is sharp in
comparison with that of B bulk, indicating that the chemical
state of B changes to some extent, suggesting that the exfoliated
borophene is probably oxidized on the surface when it is
exposed to air. Therefore, the high-resolution B 1s spectra for
the two samples was further analyzed. It consists of three peaks
centered at 191.3, 189.1, and 187.8 eV, respectively, indicating
that B formed three types of bonding structures (Fig. 8b). The
main component at 187.8 eV corresponding to a B-B bond has
not changed, and it is consistent with the reported value ob-
tained from bulk B (187.3-187.9 eV).** The peak centered at
189.1 eV assigned to the B-O bond in a boron-rich oxide hardly
changes for the exfoliated borophene compared with B bulk.

Table 2 Evaluation of atomic ratios for both bulk boron and exfoliated
borophene with few layers

Element At%/bulk At%/exfoliation
O 1s 12.69 25.47
C1s 22.65 25.14
N 1s 0.75 0.67
B 1s 63.91 48.72
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The peak centered at 191.3 eV obviously becomes sharp due to
the formation of B,O; for the exfoliated borophene,* suggesting
that the exfoliated borophene may be partly oxidized due to its
large contact area in compare with B bulk.

Conclusions

An acetone solvothermal-assisted liquid phase exfoliation
process was developed to prepare borophene with a few layers
and large flake sizes. It consists of ball milling-thinning, sol-
vothermal swelling, and probe ultrasonic delamination. The
exfoliation effect of bulk B precursors is related to the surface
tension of the used solvents, and a relatively small surface
tension of solvent is favorable for the exfoliation of bulk B. Four-
layer borophene and an average lateral flake size of 5.05 pm can
be obtained. It is the largest size borophene with so few layers.
For the exfoliated few-layer borophene with large flake size, the
surface composition was conserved, while the chemical state of
B changes to some extent because they are partly oxidized on the
surface before and after exfoliation. This is a facile and effective
method to produce few-layer borophene with large flake sizes
and may be extended to other 2D materials with no analogous
bulk layered allotropes.

Materials and methods
Materials

Boron powder (purity-99.5%) was purchased from Sigma
Aldrich. All chemicals were of analytical grade and used without
further purification.

Preparation of borophene with few-layer and large flake size

Briefly, 100 mg of boron powder was first added into 100 mL of
acetone, and a homogeneous boron dispersion was formed
after vigorously stirring for 2 h at room temperature. Then, the
dispersion was transferred into two 100 mL Teflon autoclaves
solvothermally treated at 200 °C for 24 h. After cooling naturally
to room temperature, the obtained suspension was sonicated at
225 W for 4 h, with 2 s ultrasonication and 4 s pause with
a probe-type sonicator. Afterward, the mixture was centrifuged
at 6000 rpm for 20 min to remove unexfoliated boron particles.
The supernatant was collected for further structural character-
ization. By changing the exfoliated solvents to DMF, NMP,
acetonitrile and ethanol, the exfoliation behavior of bulk B
precursors in these solvents was also studied by a similar
process.

Characterization

The morphology of bulk boron powder and the exfoliated bor-
ophene were characterized by scanning electron microscopy
(SEM, TM-3000), field-emission scanning electron microscopy
(FESEM, SU8020), and transmission electron microscopy (TEM,
JEM 2100). The thickness and size of the exfoliated borophene
were measured with atomic force microscopy (AFM, Dimension
FastScan). The composition and chemical state were deter-
mined by XPS (PHI Quantera II) and the binding energy

This journal is © The Royal Society of Chemistry 2020
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calibration was referenced to C 1s at 284.8 eV. The X-ray
diffraction (XRD) patterns were collected using a D/Max-3¢ X-
ray diffractometer with Cu Ke radiation (1 = 1.5406 A), scan-
ning from 5° to 80° and using an operating voltage and current
of 40 kv and 15 mA. Raman spectra were measured and
collected using a Renishaw inVia with an excitation wavelength
of 532 nm. AFM samples were prepared by dropping the exfo-
liated borophene dispersion onto a Si substrate followed by
drying naturally or under vacuum at 50 °C for several hours.
TEM samples were prepared by directly dropping the exfoliated
borophene dispersion onto holey carbon TEM grids (Cu, 400
mesh) followed by drying naturally. SEM samples were prepared
the same as the AFM samples or using freeze-dried powder of
the exfoliated borophene dispersion directly.
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