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ABSTRACT: Although two-dimensional boron (B) has attracted much attention in
electronics and optoelectronics due to its unique physical and chemical properties, in-depth
investigations and applications have been limited by the current synthesis techniques. Herein,
we demonstrate that high-quality few-layer B sheets can be prepared in large quantities by
sonication-assisted liquid-phase exfoliation. By simply varying the exfoliating solvent types
and centrifugation speeds, the lateral size and thickness of the exfoliated B sheets can be
controllably tuned. Additionally, the exfoliated few-layer B sheets exhibit excellent stability
and outstanding dispersion in organic solvents without aggregates for more than 50 days
under ambient conditions, owing to the presence of a solvent residue shell on the B sheet
surface that provides excellent protection against air oxidation. Moreover, we also
demonstrate the use of the exfoliated few-layer B sheets for high-performance supercapacitor
electrode materials. This as-prepared device exhibits impressive electrochemical performance
with a wide potential window of up to 3.0 V, excellent energy density as high as 46.1 Wh/kg
at a power density of 478.5 W/kg and excellent cycling stability with 88.7% retention of the
initial specific capacitance after 6000 cycles. This current work not only demonstrates an
effective strategy for the synthesis of the few-layer B sheets in a controlled manner but also
makes the resulting materials promising for next-generation optoelectronics and energy
storage applications.
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Two-dimensional (2D) materials such as graphene,” transition metal dichalcogenides

(TMDs)** and black phosphorus (BP)>*! with exciting optical, phonon and electronic
properties that are different from their bulk counterparts, have aroused great interest due to
their potential applications in high performance electronic and optoelectronic devices.>®2
Among these 2D materials, graphene with high charge carrier mobility has shown great
potential for electronics, but the absence of a band gap limits its practical use in many
applications.>***® On the other hand, BP has been most intensively investigated due to its
thickness-dependent band gap, high mobility and anisotropic photoelectronic properties, but
this material suffers from severe degradation upon air exposure, which restricts its
applications in photoelectric and photovoltaic devices.®'®*® The recent discovery of
atomically thin boron (also called borophene)*’™® has been shown to be another promising
alternative 2D material in many areas of electronics and optoelectronics,® due to its
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fascinating chemical and structural complexity,?* tunable band gap, massless Dirac
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fermions,” high carrier mobility,?®*’ superhardness®* and superconductivity.?

Since 99% pure B was first synthesized in 1909,% various low dimensional B allotropes
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including nanotubes,®** nanocones,***® nanoribbons,®~*° nanowires,***** fullerenes** and

2D B sheets™* have been extensively studied. Among them, the 2D B structure is
particularly interesting and has recently attracted considerable theoretical attention.?24¢™>°
Despite these considerable theoretical achievements, there were only a few experimental
studies on 2D B sheets. Recently, Tai et al. have successfully synthesized atomically thin 2D
B films on copper foils by chemical vapor deposition at low pressures.!” Xu et al. have
fabricated 2D B sheets by vapor—solid process via thermal decomposition of diborane under a

1.!® and Feng et al.'® have grown 2D borophene and B sheets on

low pressure.?” Mannix et a
silver substrates under ultra-high-vacuum conditions, respectively. However, these methods

still encounter various drawbacks such as the need for ultra-high-vacuum/low-pressure



growth, an additional transfer step that inevitably deteriorates the quality of the sheets,
limited quantities and insufficient yield, restricting many of their potential applications.®
Therefore, developing a facile and efficient approach for experimental realization of high-
quality few-layer B sheets in large quantities is highly desirable but remains a great challenge.
To date, both chemical exfoliation (e.g., lithium intercalation and oxidation)®’ and sonication-
assisted liquid-phase exfoliation®®®! have been proven to be effective for the production of
large quantities of 2D materials. Compared with chemical exfoliation, sonication-assisted

57,59

liquid-phase exfoliation without involving intermediate chemical reactions is believed to

be a more promising option to prepare 2D B sheets, which has not been explored yet.

Herein, we demonstrate a scalable liquid-phase exfoliation technique for the production of
high-quality few-layer B sheets with high solubility in dimethylformamide (DMF) and
isopropyl alcohol (IPA). By varying the exfoliating solvent types and centrifugation speeds,
B sheets with controllable thickness and size can be synthesized. Their morphologies,
structures, and chemical compositions were comprehensively characterized by atomic force
microscopy (AFM), high-resolution transmission electron microscopy (HRTEM), selected-
area electron diffraction (SAED), X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS) and electron energy-loss spectroscopy (EELS) analysis. Impressively, the exfoliated B
sheets show excellent stability in the exfoliating solvent without aggregates observed even
after 50 days of exposure to ambient conditions, which indicates great promise for further
processing and applications. As an example, we demonstrated the use of the exfoliated few-
layer B sheets for high-performance supercapacitor electrode materials. The as-prepared
device can be cycled reversibly in a high potential window of 0-3.0 V and exhibits a
maximum specific capacitance of 142.6 F/g with an excellent energy density of 46.1 Wh/kg
at a power density of 478.5 W/kg, as well as superior cycling stability (88.7% retention after

6000 cycles). These encouraging results presented here provide the opportunity for the



application of as-prepared few-layer B sheets in design and construction of next-generation

high-performance optoelectronics and energy storage devices.

RESULTS AND DISCUSSION

The sonication-assisted liquid-phase exfoliation method was employed to exfoliate few-
layer B sheets from bulk B as shown in Figure 1a. DMF, an excellent exfoliating solvent for
graphene, boron nitride, and TMDs as well as BP, was chosen as the model solvent to
examine its performance for the B exfoliation, while IPA from different chemical family was
chosen as a comparison.”®®% Initially, bulk B powder with an average lateral particle size of
2 um was immersed into DMF/IPA (1 mg mL™) and was sonicated at 350 W for 4 h. To
tailor the concentration and the thickness of the exfoliated B sheets, the sonicated B sheet was
then centrifuged at different centrifugation speeds and the corresponding supernatants were
carefully collected. Stable, light-brown-colored dispersions in both DMF and IPA solvents
can be obtained after centrifugation at 5000 rpm for 30 min. Compared with the bulk B, the
DMF-exfoliated B sheets are observed to be almost transparent with dimensions ranging from
severeal nanometers to several micrometers (Figure 1b-d), indicating the exfoliation of the

bulk B.

In order to determine the dispersed concentration, optical characteristics of the exfoliated B
sheet dispersions were investigated by UV-vis spectroscopy (Figure 2). Figure 2a,d show the
sonicated B sheet dispersions in DMF (Figure 2a) and IPA (Figure 2d) as well as the
corresponding supernatants obtained at different centrifugation speeds of 2000, 5000, and
12000 rpm for 30 min. It is observed that the color of both DMF- and IPA-exfoliated few-
layer B sheet dispersions changes from dark brown to light yellow with decreasing the
concentration. To calculate the absorption coefficient (a)) of the B sheet dispersions, a certain

amount of dried B sheet solid was first redispersed in DMF/IPA solution and further diluted a



number of times and the corresponding absorption spectra were recorded (Figure Sla,c; see
Materials and Methods for more details). It is worth noting that the absorbance divided by
cell length (A/l) at wavelength A = 400 nm for DMF and A = 504 nm for IPA shows a perfect
linear relationship with the concentration (C) (Figure 2b,e), suggesting well-dispersed B
sheets in both solutions. These behaviors are well consistent with the Lambert—Beer law, A/l
= oC, giving an absorption coefficient of a = 704.38 for DMF and o = 977.55 L g * m™* for
IPA. After careful measurements of their absorption spectra, the concentrations of the B sheet
dispersions prepared at different centrifugation speeds of 2000, 5000, and 12000 rpm for 30
min were calculated to be 1.16, 0.05, and 0.01 mg/mL in DMF and 0.46, 0.09, and 0.004
mg/mL in IPA, respectively. The Tyndall effect was observed for both the DMF- and IPA-
exfoliated B sheet dispersions after centrifugation at 5000 rpm for 30 min (insets of Figure
2b,e), indicating the colloidal nature of the as-prepared dispersion. The optical band gap (Eg)
of the exfoliated B sheets was calculated according to a = C (E — Eg)”Z/E, where a is the
absorption coefficient, C is a constant, and E is the photon energy. As shown in Figure 2c,f,
the corresponding approximate E; for DMF-exfoliated B sheet dispersions after
centrifugation at 5000 and 12000 rpm for 30 min were 3.6 and 3.8 eV, respectively, while for
IPA-exfoliated B sheet dispersions at the same conditions they were estimated to be 2.6 and
3.8 eV. All four values are much higher than that of the bulk B (~1.5 eV).?? It is worth noting
that the B sheet dispersions in DMF and IPA exhibit the same Egy value (3.8 eV) after
centrifugation at a higher speed of 12000 rpm, while the former shows a much higher Eq4
value than the latter when a relatively lower centrifugation speed of 5000 rpm was used. The
corresponding Eq for redispered B sheets in DMF and IPA with different concentrations have
also been calculated (Figure S1b,d). It is observed that the redispersed B sheet dispersions in
DMF mainly show Eq ranging from 3.6 to 4.0 eV, which is similar to those of the centrifuged

samples at 5000 and 12000 rpm. However, the redispersed B sheet dispersions in IPA exhibit



nonregular optical properties and the E4 varies with the increase of the concentration, which
are signs of reaggregation of B sheets. These results indicate that the DMF-exfoliated B
sheets show better stability and redispersion properties than those of the IPA-exfoliated B

sheets.

AFM was employed to further explore the thickness and area distributions of the DMF-
and IPA-exfoliated B sheets as shown in Figure 3. The existence of few-layer curved and flat
B sheets prepared in DMF and IPA can be clearly seen in the representative AFM
topographic images (Figure 3a,d). Statistical AFM shows that the average thickness and area
of the DMF-exfoliated B sheets are 1.8 nm (corresponding to ca. 4 B layers, Figure 3b) and
19827 nm? (Figure 3c), respectively, while the IPA-exfoliated B sheets possess a larger mean
thickness of 4.7 nm (corresponding to ca. 11 B layers, Figure 3e) and smaller mean area of
1791 nm? (Figure 3f). It is noted that DMF-exfoliated B sheets show larger lateral size (~11
times larger) and thinner layers (~ 82% of the observed sheets have less than 6 layers)
compared with IPA-exfoliated B sheets at the same conditions. These results suggest that the
thickness and area distributions of the exfoliated B sheets can be well controlled by varying

the exfoliating solvents used.

Next, TEM, SAED, EELS, and XRD were performed to examine the morphology and
crystallinity of the exfoliated B sheets. As shown in Figure 4a, large quantities of randomly
oriented few-layer thin B sheets and a small number of atomically thin B sheets with lateral
size of 100-200 nm were found for DMF-exfoliated B sheet sample, which is consistent with
the above-mentioned AFM results. The SAED pattern (Figure S2), the corresponding fast
Fourier transform (FFT) diffraction pattern of the representative individual B sheet (inset of
Figure 4b), and the HRTEM observation (Figure 4c) further demonstrate the crystalline
nature of the few-layer B sheets, showing a clear interference fringe with a d-spacing of

0.504 nm, corresponding to the (104) plane of a p-rhombohedral B structure.®* The uniform



lattice fringes shown in Figure 4b,c suggest that the crystalline state of the few-layer B sheets
after liquid-phase exfoliation process is pristine. Figure 4d-f show the TEM and HRTEM
images of the IPA-exfoliated B sheets. The B sheets exfoliated by IPA were observed with
relatively thicker layers compared with the DMF-exfoliated B sheets. Two individual IPA-
exfoliated B sheets exhibit lattice spacings of 0.427 and 0.435 nm, corresponding to the (015)
and (202) planes of the B crystal, respectively, which is different from those of DMF-
exfoliated B sheets (Figure 4e,f).** Figure 4g,| show a high angle annular dark field (HAADF)
scanning TEM (STEM) image of an individual DMF-exfoliated and IPA-exfoliated B sheet.
Their corresponding EELS elemental mapping images (Figure 4h-k and m-p) show the
uniform distribution of B element throughout the whole sheet with an observable shell
consisting of C, N and O elements. This can be further verified by the corresponding EELS
spectra (Figure 4q), which exhibit a characteristic boron K-shell ionization edge at ~188
eV.2"3" The amounts of the B, C, N and O extracted from the EELS spectra were 97.39 at.%,
0.78 at.%, 1.17 at.% and 0.66 at.% for the DMF-exfoliated B sheet and 96.72 at.%, 0.65 at.%,
0.85 at.% and 1.78 at.% for the IPA-exfoliated B sheet, respectively. The existence of small
amounts of C, N, and O is likely due to the surface contamination occurring during exposure
to air atmosphere and the exfoliating solvent. The crystalline structure and phase purity of the
bulk B before and after liquid-phase exfoliation were further verified by XRD (Figure 4r). All
four samples display similar XRD patterns, and most of their major peaks can be indexed to
the B-rhombohedral B (JCPDF 00-031-0207),%* indicating both the DMF- and IPA-exfoliated
few-layer B sheets retain the crystallinity of the original bulk B. These results are in good

agreement with the structural parameters obtained by HRTEM.

XPS was utilized to further investigate the surface composition and chemical state of the B
before and after sonication-assisted liquid-phase exfoliation. Figure 5a shows the XPS survey

scan spectra for binding energies ranging from 0 to 600 eV. In addition to the B peaks, peaks



corresponding to C, O, and N were also detected for all four samples. The C, O, and a small
amount of N species mainly arise from the surface contamination when exposed to air
atmosphere as mentioned earlier. It is noted that there is no obvious change in the B content
for all four B samples, indicating the surface composition can be well retained after the
sonication-assisted liquid-phase exfoliation process. Since XPS is a surface analysis tool, it is
not surprising that higher apparent O and C concentrations are found as compared to scanning
electron microscopy (SEM)-energy dispersive X-ray (EDX) for bulk B (see Figure S3 for
more details) and EELS for the exfoliated B sheets, respectively.®’ Figure 5b shows the high-
resolution B 1s spectra of the four different B samples. Three peaks centered at 192.1, 189.1,
and 187.7 eV, respectively, can be resolved in the B 1s spectrum of bulk B, indicating that
there are three types of bonding structures of B. The main component at 187.7 eV
corresponded to a B-B bond, which is consistent with the reported value obtained from bulk
B (187.3-187.9 eV).* The higher binding energy components at 189.1 and 192.1 eV are
mainly due to the oxidation of B. The peak centered at 189.1 can be assigned to the B-O bond
in a boron-rich oxide, while the small peak located at 192.1 eV can be an indication of the
formation of B,Os. It should be mentioned that the component at 189.1 eV may also arise
from the formation of a B-C bond due to exposure to air or solvent. Notably, the extracted
ratio of the B-B peak in the above-mentioned bonding structures of B is ~72.4%, indicating
the existence of a small amount of O-containing and/or C-containing defects in the bulk B.
These defects are expected to be more active and thus more easily attached by the exfoliating
reagent molecules, thereby allowing more effective exfoliation and fragmentation of bulk B
during the sonication-assisted liquid-phase exfoliation process. It is noted that the main
binding energy peaks for the B component are slightly shifted (187.4 eV) compared with the
bulk value, which is similar to the previously reported phenomenon for 2D B sheets.!”* In

addition, the small peak corresponding to B,O3 disappeared for all the samples after the



exfoliation process due to their interactions with the exfoliating solvent, while another
component centered at 190.4 eV was found, possibly attributive to the formation of B-N
bonds due to the air contamination. Figure 5c shows the high-resolution C 1s spectra of the
four different B samples. All the C 1s spectra can be fitted to four components at around
282.8, 284.8, 286.3, and 288.8 eV, which can be assigned to the C-B, C-C, C-N/C-0, and
C=0 bonds, respectively. Importantly, the measured ratios of the C-B peak for exfoliated
few-layer B sheets in DMF and IPA are only ~0.033 and ~0.058, respectively, indicating that
most B atoms remain intact after the sonication-assisted liquid-phase exfoliation process.
This is also very consistent with the EELS mapping spectra, where a shell mainly consisting

of C and O elements is observed on the edges of the B sheets.

In addition to the excellent optical properties, the stability of an exfoliated 2D material is
also closely related to its practical electronic and optoelectronic applications.>*® Therefore,
the stability of the DMF-exfoliated few-layer B sheet dispersions was examined by
monitoring their optical absorption property changes before and after 50 days of exposure to
ambient conditions (Figure 6). Figure 6a,b show the optical absorption spectra of fresh
exfoliated B sheet dispersions in DMF after centrifugation at 5000 and 12000 rpm for 30 min
and the corresponding dispersions after 50 days of exposure to ambient conditions,
respectively. As expected, there is almost no change in the spectra of the DMF-exfoliated B
sheet dispersions, indicating excellent stability of the as-prepared colloid. This can be
attributed to the presence of a solvent residue shell on the B sheet surface that provides
excellent protection against air oxidation. This is also supported by an obvious Tyndall effect
of the B sheet dispersion without noticeable aggregates after 50 days of exposure to ambient
conditions (inset of Figure 6a) and the lack of obvious changes in the approximate optical

band gap (inset of Figure 6Db).
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Very recently, a few theoretical studies have shown that the 2D B sheet as a member of the
2D materials is a highly promising electrode material for supercapacitors and batteries due to
its unique properties such as excellent electronic conductivity, high specific surface area, low
mass density, and strong mechanical property.?>® As an example, a symmetric two-electrode
cell assembled in a glovebox with DMF-exfoliated few-layer B sheets as the active material
is employed to evaluate its electrochemical performance. Figure 7a shows cyclic voltammetry
(CV) curves of the as-prepared coin cell under various voltage windows in an ionic liquid, 1-
butyl-3-methylimidazolium hexafluorophosphate, at a scan rate of 10 mV/s. It can be
observed that the CV curve still retains a rectangular-like shape even at a voltage window of
up to 3 V, indicating a good capacitive behavior of the as-prepared supercapacitor with a
stable and large voltage window in ionic liquid electrolyte.®®®” In addition, the specific
capacitance greatly increases from 91.6 F/g to 142.6 F/g with an increase of potential window
from 1.0 to 3.0 V. Given the idea that the energy density of an electrochemical capacitor is
directly proportional to the square of its cell voltage and the specific power density is
proportional to its cell voltage, the stable and large potential window will not only enhance
the energy density of the cell but also reduce the number of cells in series to meet the desired
output voltage. Therefore, the potential window of 3.0 V is used in subsequent experiments to
evaluate the overall electrochemical performance of the cell. As shown in Figure 7b, all the
CV curves of the DMF-exfoliated few-layer B sheets exhibit a nearly rectangle-like shape
even at a scan rate as high as 100 mV/s, indicating a pretty good capacitive behavior and a

fast charge/discharge property of the as-prepared B sheets in ionic liquid electrolyte.®

The electrochemical performance of the as-prepared supercapacitor is further examined by
galvanostatic charge/discharge measurements at various current densities (Figure 7c). All the
charge/discharge curves show high symmetry and nearly linear slopes without observable

voltage (IR) drop, revealing relatively small equivalent series resistance of the cell.®”®® The
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specific capacitances and corresponding cell capacitances of the as-prepared supercapacitor at
different current densities are presented in Figure 7d. The maximum specific capacitance of
147.6 F/g is achieved at a current density of 0.3 A/g, which is higher than the supercapacitor
based on bulk B (specific capacitance of 41.7 F/g, Figure S4) and those of reported carbon-
based materials in ionic liquid electrolyte including reduced graphene nanosheets (RGO),%*™
RGO-CMK-5 composite and porous carbon.”"? More importantly, the specific capacitance
of the as-assembled supercapacitor still maintains 98.3 F/g with a capacitance retention of
66.6% when the current density is increased 20-fold from 0.3 to 6.0 A/g, demonstrating its
good rate capability. The high specific capacitance and good rate capability of the as-
prepared supercapacitor are mainly attributed to the excellent electronic conductivity of the
exfoliated B sheets, which can provide an effective charge transport pathway during the
charge/discharge process.”*"* Meanwhile, the puckered morphology and layer structure of the
B sheets offer abundant active sites with the full surface exposed and enable fast access of
electrolyte ions.” Additionally, it is worth noting that the specific capacitances gradually
decrease with the increase of current densities, which is due to the low utilization efficiency
of active materials, resulting from slower ion diffusion of ionic liquid at higher current

density.%®

Good cycling stability is another important characteristic for the practical application of
supercapacitors. Figure 7e shows the capacitance retention ratio of the as-assembled
supercapacitor measured at a scan rate of 50 mV/s for 6000 cycles. It is noted that the specific
capacitance of the as-prepared supercapacitor slightly increases in the first 200 cycles and
still remains 88.7% even after 6000 cycles, indicating excellent cycling stability.
Encouragingly, this retention ratio is comparable to or better than those of reported carbon-
based supercapacitors in ionic liquid such as RGO||RGO (93% after 1500 cycles),’® RGO-

CMK-5 composite]| RGO-CMK-5 composite (90% after 2000 cycles),”* and RGO-
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RuO,||RGO-RuO; (70% after 2000 cycles).”” It should be mentioned that a slight decrease of
capacitance observed during the cycling process is probably attributed to pulverization and
loss of electrical contact between B sheets and current collector.”® This can be well supported
by an electrochemical impedance spectroscopy (EIS) tests of the as-prepared device before
and after 6000 cycles (Figure 7f). Noticeably, the EIS spectra are similar in terms of the curve
shape with a semicircle at high frequency and a linear line at low frequency. However, the
equivalent series resistance (the value of the first intercept point of the Nyquist plot with a
real axis) increases from 19.8 ohm to 22.4 ohm after 6000 cycles, demonstrating a slight
increase of the internal resistance of the device. Moreover, it is also observed that the charge
transfer resistance (the value of the diameter of the semicircle) becomes larger after cycling
test, indicating a relatively slow ion transport within the supercapacitor, which are probably

related to the reduced contact area at the electrode/electrolyte interface.

To further demonstrate the performance of the as-obtained supercapacitor based on B
nanosheets, a Ragone plot, showing the relationship of energy density and power density, is
plotted in Figure 7g. The energy density can reach 46.1 Wh/kg at a power density of 478.5
W/kg and still maintains 29.1 Wh/kg at a power density of 22616.2 W/kg, which is higher
than the required power target of the partnership for a next-generation vehicle (15.0
kW/kg),® indicating its potential application as power supply for hybrid vehicles.
Furthermore, the maximum energy density of 46.1 Wh/kg achieved is comparable to or
higher than those of carbon-based supercapacitors in ionic liquid electrolyte, including active

carbon//active carbon, °

cellulose derived carbon nanofiber-activated carbon (NCAC)
composite[NCAC composite,” RGO|RGO,”® RGO-CMK-5 composite|RGO-CMK-5
composite,”* graphitic biomass carbon||graphitic biomass carbon,®® and porous carbon||porous

carbon.®’ Such an excellent capacitive performance is ascribed to the high specific

capacitance of B sheets and the use of an ionic liquid electrolyte with a large potential
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window. To evaluate the practical applications, the as-prepared supercapacitor is used to
drive some small electronic devices. Excitingly, one obtained coin cell can efficiently power
one red LED light (Figure 7h) and drive one mini-fan (Figure 7i) after charging few seconds,
respectively. These encouraging results presented here provide the opportunity for the
application of B sheets in the design and construction of high-performance supercapacitors

and other energy storage devices.

CONCLUSIONS

In summary, we have demonstrated an effective approach to produce few-layer B sheets in
large quantities by liquid-phase exfoliation of bulk B. By choosing DMF and IPA as the
exfoliating solvents, few-layer B sheets with controllable size (average area in DMF and IPA
is 19827 and 1791 nm? respectively) and thickness (average thickness in DMF and IPA is
1.8 and 4.7 nm, respectively) can be prepared. The as-prepared few-layer B sheet dispersion
with high solubility in DMF (up to 1.16 mg/mL) was stable for at least 50 days after exposure
to ambient conditions. In addition, the approximate optical band gaps for DMF- and IPA-
exfoliated B sheet dispersions after centrifugation at 5000 rpm for 30 min were calculated to
be 3.6 and 2.6 eV, respectively. More significantly, the DMF-exfoliated few-layer B sheets
have been applied as supercapacitor electrode materials and the as-prepared device possesses
a potential window as high as 3.0 V and exhibits a maximum specific capacitance of 142.6
F/g at a current density of 0.3 A/g. Furthermore, such a device also shows an impressive
energy density of 46.1 Wh/kg at a power density of 478.5 W/kg and an excellent cycling
stability, i.e., 88.7% retention of the initial specific capacitance even after 6000 cycles. This
work provides the possibility for the few-layer B sheets to be formed into thin films and
composites in a large-scale with a broad range of potential applications such as flexible

electronics, optoelectronics, and energy storage devices.
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MATERIALS AND METHODS

Materials. Boron powder (95%) with an average particle size of 2 um was purchased from
Merck. N,N-Dimethylformamide (ACS, 99.8+%) was purchased from Alfa Aesar. Isopropyl
alcohol was purchased from Best Chemical Co (S) Pte Ltd. All chemicals were used as

received without further purification.

Preparation of Few-Layer B Sheet Dispersion. Typically, 100 mg of B powder was
added into 100 mL of DMF or IPA solution. The mixture was then sonicated at 350 W for 4 h,
with 1 s ultrasonication and 2 s pause using a probe-type sonicator (JY92-IIN, Scientiz,
China). The container was sealed with Teflon tape to suppress additional air contamination
during the ultrasonic process. Afterward, the supernatant was decanted and centrifuged at
2000-5000 rpm for 30 min (Kubota 3740 centrifuge, Kubota, Japan) to remove unexfoliated
B particles. Finally, the resulting B sheet dispersion (supernatant) was either carefully
collected for further morphological and structural characterization or subjected to further

centrifugation at a higher speed of 12000 rpm for 30 min for sediment collection.

Characterization. Morphology and nanostructure of bulk B powder and the as-prepared
few-layer B sheets were characterized by SEM (LEO 1550), TEM (Tecnai G2 F20 X-Twin),
and SAED. X-ray diffraction (Shimadzu XRD-6000) was used to study their crystallinity.
Their composition and chemical state were determined by X-ray photoelectron spectroscopy
(XPS, PHI Quantera Il) and electron energy-loss spectroscopy (EELS). XPS was performed
using monochromated Al Ko X-rays (1486.6 eV), and the binding energy calibration was
referenced to C 1s at 284.8 eV. The absorption spectra of the DMF- and IPA-exfoliated B
sheet dispersions were measured using a UV-vis spectrophotometer (Shimadzu 2450) at room
temperature. The thickness and area of individual B sheets were measured with AFM
(Asylum Research, MFP-3D). AFM samples were prepared by dropping the B sheet
dispersions onto SiO,/Si substrates followed by drying under vacuum at 50 °C for 8 h. TEM

15



samples were prepared by directly dropping the B sheet dispersions onto holey carbon TEM

grids (Cu, 400 mesh) followed by drying under vacuum at 50 °C for 8 h.

Determination of the Absorption Coefficient of B Sheet Dispersions. Typically, 50 mL
of B sheet dispersion was further centrifuged at 12000 rpm for 30-60 min and the resulting
solid was collected, followed by drying under vacuum at 50 °C for 8 h. A certain amount of
dried B product (2.5 mg for DMF and 2 mg for IPA) was redispersed in 5 mL of DMF/IPA
solution with mild bath sonication for 5 min, and then a colloid solution was obtained. Each
of these dispersions was diluted a number of times, and the corresponding absorption spectra
were recorded. The optical absorbance per cell length (A/l) was determined from optical
absorbance spectra at 400 nm for DMF solution and 503 nm for IPA solution, respectively.
Using Lambert—Beer’s law (A/l = aC, where o is the extinction coefficient), the B extinction

coefficient was extracted from the slope of a plot of A/l versus concentration.

Electrode Preparation and Electrochemical Characterization. The preparation process
of electrode is briefly described as follows. First, boron nanosheets, active carbon, and 1 wt %
poly(tetrafluoroethylene) with a mass ratio of 85:5:10 were mixed uniformly by adding some
drops of ethanol in a mortar. Then, the obtained slurry was coated onto nickel foam and dried
at 50 °C in a vacuum oven for 10 h. Next, the electrode was pressed at 10 MP to make a good
electric connection. After that, a coin cell (CR 2032) was assembled in a glovebox using the
as-prepared  electrode as working electrode and 1-butyl-3-methylimidazolium
hexafluorophosphate as the electrolyte. The electrochemical performances were characterized
by a VMP3 potentiostat/galvanostat (Bio-Logic LLC, Knoxville, TN, USA) at room
temperature. The CV measurement was performed with various potential windows from 0.0
to 3.0 V at different scan rates varying from 10 to 100 mV/s. Galvanostatic charge/discharge
tests were collected at different current densities ranging from 0.3 to 6 A/g. The EIS was

carried out in the frequency ranging from 100 kHz to 0.05 Hz at open circuit potential with an
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ac perturbation of 5 mV. The specific capacitance of the cell (Cce) was calculated from the

discharge curve by the formula

I-At
Ceenn = AV (1)

The specific capacitance of the electrode (Csp) was calculated from the discharge curve by
the formula

4-I-At
Csp =4Cey = — (2)

m-AV

The specific energy density and power density were defined respectively by

— Ceell’AV
E= 7.2 )
And
__ EX3600
P = " 4)

where, | is the charge/discharge current (A/g), At is the discharge time (s), AV is the
potential window during the discharge process after internal resistance drop (V), m is the
mass of two electrode materials (g), Ccen is the specific capacitance of the device (F/g), Csp is
the specific capacitance of the electrode (F/g), E is the energy density (Wh/kg) and P is the

power density (W/Kkg).
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FIGURE CAPTIONS

Figure 1. (a) Schematic illustration of sonication-assisted liquid-phase exfoliation process.
First, bulk B powder with an average lateral particle size of 2 um was immersed into
DMF/IPA (1 mg mL™) and was sonicated at 350 W for 4 h. Afterward, the supernatant was
centrifuged at 5000 rpm for 30 min to remove unexfoliated B particles. Finally, stable, light-
brown-colored dispersions in both DMF and IPA were obtained. SEM images of bulk B (b),
B sheets obtained by tip-sonication in DMF (c), and IPA (d) for 4 h followed by
centrifugation at 5000 rpm for 30 min, indicating the exfoliation of the bulk B. The insets of
(c) and (d) show the corresponding photographs of a B sheet dispersion in DMF (a) and IPA,

respectively.

Figure 2. Optical characterization of the few-layer B sheet dispersions. Photographs of B
sheet dispersions in DMF (a) and IPA (d) after sonication for 4 h as well as after further
centrifugation at different centrifugation speeds of 2000, 5000, and 12000 rpm for 30 min,
respectively. Optical absorbance (A, at A = 400 nm for DMF and A = 504 nm for IPA) divided
by cell length (I) as a function of concentration of DMF-exfoliated (b) and IPA-exfoliated (e)
B sheet dispersions, which are consistent with the Lambert—Beer law, giving the absorption
coefficient o = 704.38 L g m* for DMF and a = 977.55 L g ' m™* for IPA, respectively.
Their corresponding insets show the Tyndall effect of the B sheet dispersions after
centrifugation at 5000 rpm for 30 min, indicating their colloidal nature. Tauc plots based on
the optical absorption data from the DMF-exfoliated (c) and IPA-exfoliated (f) few-layer B
sheet dispersions obtained at different centrifugation speeds of 5000 and 12000 rpm for 30

min.

Figure 3. AFM characterization of the B sheets obtained by tip-sonication in DMF (a-c) and
IPA (d-f) for 4 h followed by centrifugation at 5000 rpm for 30 min, respectively. (a,d)

Representative AFM topographic images and the corresponding height profiles. Statistical
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data for 180 B sheets showing the average thickness (b) and area (c) of the DMF-exfoliated B
sheets are 1.8 nm (corresponding to ca. 4 B layers) and 19827 nm?, while the IPA-exfoliated
B sheets possess a larger mean thickness (e) of 4.7 nm (corresponding to ca. 11 B layers) and

smaller mean area (f) of 1791 nm?, respectively.

Figure 4. Morphological and structural characterizations. Typical TEM images of the few-
layer B sheets prepared by tip-sonication in DMF (a-c) and IPA (d-f) for 4 h followed by
centrifugation at 5000 rpm for 30 min, respectively. Insets of (b), (e), and (f) show the
corresponding FFT patterns of the selected areas. The uniform lattice fringes demonstrate that
the crystalline state of the few-layer B sheets after the liquid-phase exfoliation process is
pristine. HAADF STEM and corresponding EELS elemental mapping images of the few-
layer B sheets prepared by tip-sonication in DMF (g-k) and IPA (I-p) for 4 h followed by
centrifugation at 5000 rpm for 30 min, showing the uniform distribution of B element
throughout the whole sheet with an observable shell consisting of C, N, and O elements. (q)
EELS spectra of the exfoliated few-layer B sheets. (r) XRD patterns of the B before and after
exfoliation using DMF and IPA as exfoliating solvents, indicating both the DMF- and IPA-

exfoliated few-layer B sheets retain the crystallinity of the original bulk B.

Figure 5. XPS characterization of bulk B, few-layer B sheets after sonication in DMF, and
DMF- and IPA-exfoliated few-layer B sheets after centrifugation at 5000 rpm for 30 min. (a)
Survey spectra (upper part) and the corresponding atomic ratios (lower part). It is noted that
there is no obvious change in the B content for all four B samples, indicating the surface
composition can be well retained after the sonication-assisted liquid-phase exfoliation process.
High-resolution spectra of (b) B 1s and (c) C 1s, respectively. The high-resolution B 1s
spectra of the DMF- and IPA-exfoliated few-layer B sheets show that most B atoms remain

intact after the sonication-assisted liquid-phase exfoliation process. This is also supported by
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the measured ratio of the C-B peak (282.8 eV) for DMF- and IPA-exfoliated few-layer B

sheets, which is only ~0.033 and ~0.058, respectively.

Figure 6. Optical absorption spectra of the fresh DMF-exfoliated B sheet dispersions and the
corresponding dispersions after 50 days of exposure to ambient conditions obtained by
centrifugation at 5000 rpm (a) and 12000 rpm (b) for 30 min, respectively. The inset of (a)
shows that DMF-exfoliated B sheet dispersion after 50 days of exposure to ambient
conditions still exhibits an obvious Tyndall effect. The inset of (b) shows the corresponding
optical band gap. There is almost no change in the spectra of the DMF-exfoliated B sheet

dispersions, indicating excellent stability of the as-prepared colloid.

Figure 7. Electrochemical performance of DMF-exfoliated few-layer B sheets based
supercapacitor in ionic liquid electrolyte. (a) CV curves collected under various voltage
windows at a scan rate of 10 mV/s. (b) CV curves tested at different scan rates. (c)
Galvanostatic charge/discharge curves at various current densities. (d) Variation of specific
capacitance and cell capacitance at different current densities. (e) Cycling performance of the
as-prepared supercapacitor collected at a scan rate of 50 mV/s for 6000 cycles. (f) Nyquist
plots before and after 6000 cycles. (g) Ragone plot compared with those of reported
supercapacitors based on other carbon materials in ionic liquid. Photographs of the obtained

coin cell powering (h) one red LED light and (i) one mini-fan.
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Figure 1. (a) Schematic illustration of sonication-assisted liquid-phase exfoliation process.
First, bulk B powder with an average lateral particle size of 2 pm was immersed into
DMF/IPA (1 mg mL™) and was sonicated at 350 W for 4 h. Afterward, the supernatant was
centrifuged at 5000 rpm for 30 min to remove unexfoliated B particles. Finally, stable, light-
brown-colored dispersions in both DMF and IPA were obtained. SEM images of bulk B (b),
B sheets obtained by tip-sonication in DMF (c), and IPA (d) for 4 h followed by
centrifugation at 5000 rpm for 30 min, indicating the exfoliation of the bulk B. The insets of
(c) and (d) show the corresponding photographs of a B sheet dispersion in DMF (a) and IPA,

respectively.
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Figure 2. Optical characterization of the few-layer B sheet dispersions. Photographs of B
sheet dispersions in DMF (a) and IPA (d) after sonication for 4 h as well as after further
centrifugation at different centrifugation speeds of 2000, 5000, and 12000 rpm for 30 min,
respectively. Optical absorbance (A, at A = 400 nm for DMF and A = 504 nm for IPA) divided
by cell length (I) as a function of concentration of DMF-exfoliated (b) and IPA-exfoliated (e)
B sheet dispersions, which are consistent with the Lambert—Beer law, giving the absorption
coefficient o = 704.38 L g * m* for DMF and a = 977.55 L g ' m™* for IPA, respectively.
Their corresponding insets show the Tyndall effect of the B sheet dispersions after
centrifugation at 5000 rpm for 30 min, indicating their colloidal nature. Tauc plots based on
the optical absorption data from the DMF-exfoliated (c) and IPA-exfoliated (f) few-layer B
sheet dispersions obtained at different centrifugation speeds of 5000 and 12000 rpm for 30

min.
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Figure 3. AFM characterization of the B sheets obtained by tip-sonication in DMF (a-c) and
IPA (d-f) for 4 h followed by centrifugation at 5000 rpm for 30 min, respectively. (a,d)
Representative AFM topographic images and the corresponding height profiles. Statistical
data for 180 B sheets showing the average thickness (b) and area (c) of the DMF-exfoliated B
sheets are 1.8 nm (corresponding to ca. 4 B layers) and 19827 nm?, while the IPA-exfoliated
B sheets possess a larger mean thickness (e) of 4.7 nm (corresponding to ca. 11 B layers) and

smaller mean area (f) of 1791 nm?, respectively.
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Figure 4. Morphological and structural characterizations. Typical TEM images of the few-
layer B sheets prepared by tip-sonication in DMF (a-c) and IPA (d-f) for 4 h followed by
centrifugation at 5000 rpm for 30 min, respectively. Insets of (b), (e), and (f) show the
corresponding FFT patterns of the selected areas. The uniform lattice fringes demonstrate that
the crystalline state of the few-layer B sheets after the liquid-phase exfoliation process is
pristine. HAADF STEM and corresponding EELS elemental mapping images of the few-
layer B sheets prepared by tip-sonication in DMF (g-k) and IPA (I-p) for 4 h followed by
centrifugation at 5000 rpm for 30 min, showing the uniform distribution of B element
throughout the whole sheet with an observable shell consisting of C, N, and O elements. (q)
EELS spectra of the exfoliated few-layer B sheets. (r) XRD patterns of the B before and after
exfoliation using DMF and IPA as exfoliating solvents, indicating both the DMF- and IPA-

exfoliated few-layer B sheets retain the crystallinity of the original bulk B.
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Figure 5. XPS characterization of bulk B, few-layer B sheets after sonication in DMF, and

DMF- and IPA-exfoliated few-layer B sheets after centrifugation at 5000 rpm for 30 min. (a)

Survey spectra (upper part) and the corresponding atomic ratios (lower part). It is noted that

there is no obvious change in the B content for all four B samples, indicating the surface

composition can be well retained after the sonication-assisted liquid-phase exfoliation process.

High-resolution spectra of (b) B 1s and (c) C 1s, respectively. The high-resolution B 1s

spectra of the DMF- and IPA-exfoliated few-layer B sheets show that most B atoms remain

intact after the sonication-assisted liquid-phase exfoliation process. This is also supported by

the measured ratio of the C-B peak (282.8 eV) for DMF- and IPA-exfoliated few-layer B

sheets, which is only ~0.033 and ~0.058, respectively.

37



a B sheets dispersion in DMF after 5000 rpm [ b B sheets dispersion in DMF after 12000 rpm

10 | L 0.30 |-
——Fresh —— After 50 days in air |
: S 0.25
0.8
(] / @ —Fresh
é § 0.20 . — After 50 days in air
8 8 0.15 S
S Qo
0.4
* < 0.10

3.0 3.5 4.0
Photo Energy (eV)

0.00f , N L " 1 N 1 N 1 n I

0.0 1 . 1 z " 2
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 6. Optical absorption spectra of the fresh DMF-exfoliated B sheet dispersions and the
corresponding dispersions after 50 days of exposure to ambient conditions obtained by
centrifugation at 5000 rpm (a) and 12000 rpm (b) for 30 min, respectively. The inset of (a)
shows that DMF-exfoliated B sheet dispersion after 50 days of exposure to ambient
conditions still exhibits an obvious Tyndall effect. The inset of (b) shows the corresponding
optical band gap. There is almost no change in the spectra of the DMF-exfoliated B sheet

dispersions, indicating excellent stability of the as-prepared colloid.
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Figure 7. Electrochemical performance of DMF-exfoliated few-layer B sheets based
supercapacitor in ionic liquid electrolyte. (a) CV curves collected under various voltage
windows at a scan rate of 10 mV/s. (b) CV curves tested at different scan rates. (c)
Galvanostatic charge/discharge curves at various current densities. (d) Variation of specific
capacitance and cell capacitance at different current densities. (e) Cycling performance of the
as-prepared supercapacitor collected at a scan rate of 50 mV/s for 6000 cycles. (f) Nyquist
plots before and after 6000 cycles. (g) Ragone plot compared with those of reported
supercapacitors based on other carbon materials in ionic liquid. Photographs of the obtained

coin cell powering (h) one red LED light and (i) one mini-fan.
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Figure S1. Optical absorption spectra and the corresponding optical band gap of redispersed B
sheet dispersions in (a, b) DMF and (c, d) IPA with different concentrations. The results indicate
the DMF-exfoliated B sheets show much better stability and redispersion properties while the

IPA-exfoliated B sheets are more likely to reaggregate.
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Figure S2. Typical TEM image (a) of the few-layer B sheets exfoliated in DMF at lower

magnification and the corresponding selected-area electron diffraction (SAED) pattern.
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Figure S3. Typical (a) SEM, corresponding elemental mapping images of (b) B, (c) C, (d) O,
and (e) EDX spectrum of the bulk B, showing a uniform distribution of B element at a very high
density and random distribution of C and O elements at a very low density throughout the whole
area. The inset of (e) shows the atomic ratio of the elements B, C and O, respectively, indicating
the bulk B consists mainly of B element with the presence of a small amount of C and O

impurities.

SEM-EDX elemental analysis was performed to visually demonstrate the elemental spatial
distribution of the bulk B (Figure S3). Three elements including B, C and O were detected in the
bulk B. It is noted that the B element is uniformly distributed throughout the whole area at a very
high density (Figure S3b), while the C and O elements are randomly distributed within the area
at a very low density (Figures S3c,d), indicating the bulk B consists mainly of B element with
the presence of a small amount of C and O impurities. This is supported by the corresponding
EDX spectrum of the bulk B and the extracted atomic ratio of the element B (95.97%, Figure

S3e).
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Figure S4. Comparison of electrochemical performance of bulk B and DMF-exfoliated few-
layer B sheets based supercapacitor in ionic liquid electrolyte. (a) CV curves collected at a scan

rate of 10 mV/s. (b) Galvanostatic charge/discharge curves at a current density of 0.3 A/g.
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