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ABSTRACT: Here, we report the synthesis of nanosheet-structured boron nitride
spheres (NSBNSs) by a catalyzing thermal evaporation method from solid B
powders. The NSBNSs consist of radially oriented ultrathin nanosheets with the
sheet edges oriented on the surface. Formation of this unique structure occurs only at
a certain reaction temperature. The diameter from 4 pm to 700 nm and the
nanosheet thickness from 9.1 to 3.1 nm of the NSBNSs can be well-controlled by
appropriately changing the mass ratio of boron powders and catalyst. The NSBNSs
possess versatile adsorption capacity, exhibiting excellent adsorption performance for
oil, dyes, and heavy metal ions from water. The oil uptake reaches 7.8 times its own
weight. The adsorption capacities for malachite green and methylene blue are 324
and 233 mg/g, while those for Cu®*, Pb**, and Cd** are 678.7, 536.7, and 107.0 mg/
g, respectively. The adsorption capacities of the NSBNSs for Cu®*" and Pb** are
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higher or much higher than those of the adsorbents reported previously. These results demonstrate the great potential of

NSBNSs for water treatment and cleaning.
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1. INTRODUCTION

Two-dimensional (2D) nanosheets with nanoscale thickness
have attracted great interest due to the high specific surface area
(SSA) and abundant edge sites with high activity.l’2 The
nanosheets possess many interesting properties arising from
their unique structure, resulting in important applications in
different areas such as catalysis,® sensors,* supercapacitors,™®
field emission,” and lithium-ion batteries.® However, the
nanosheets suffer from the problem of aggregation during
application, which reduces the effective surface area and active
edge sites. As a result, the observed performance of nanosheets
is generally poorer than that exhibited by the single ones.
Therefore, it is important to take appropriate measures to solve
the problem of aggregation and thus maximize the performance
of the nanosheets. Up to now, different measures such as
separating the nanosheets with nanoparticles” and immobilizing
the nanosheets by growing on appropriate substrates'® or
assembling into three-dimensional (3D) architectures'' have
been reported, which show obvious beneficial effects. The 3D
architectures such as graphene aerogel'™"® could prevent
aggregation of the constituent nanosheets and thus exhibit
enhanced performance for applications such as supercapacitors
and catalysis. With this consideration, a spherical structure with
the nanosheets radially oriented is an appropriate architecture
for full exposure of the surface and edge sites of the nanosheets.

Boron nitride (BN) with a structure similar to graphite
possesses many extraordinary properties such as wide band gap,
high oxidization resistance at high temperature, and high
chemical stability.'*~"” These properties are complementary to
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graphite. In addition, similar to graphite, BN has a high thermal
conductivity."* Because of these properties, BN is of high
potential for various applications such as high frequency
electronic devices,'® ultraviolet light emission devices,”” heat
resisting materials,”® composite materials,”" superhydrophobic
surfaces,”” catalyst support,”® and hydrogen storage.”* A variety
of BN nanostructures have been prepared, where the
representative ones include nanotubes,” nanosheets,” nano-
belts,26 and nanofibers.”” Among the different BN nanostruc-
tures, 2D nanosheets have been recently attracting more and
more interest after the intensive research on the nanotubes.
However, the preparation or assembly of the BN nanosheets
into 3D architectures like spheres has been rarely reported
comparing with other materials such as carbon, TiO,, and
Sn0,.*7 Therefore, it is interesting to find routes for
preparing the spherical structure of BN nanosheets.

At present, environmental pollution is one of the most
serious problems people are facing. Therefore, it is an urgent
task to develop effective methods for eliminating the pollutants
from water and air. Recently, it has been reported that
nanostructural boron nitride has outstanding capability in
absorbing organic pollutants and heavy metal ions from water,
indicating high promise in environmental treatment. For
instance, Zhang et al*' have synthesized BN nanocarpets
composed of nanosheets and nanorods by a modified hot-press
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benzenethermal method, which exhibit a high adsorption
capacity of 272.4 mg/g for methylene blue (MB). Lei et al.**
reported the synthesis of porous BN nanosheets with high SSA
(1427 m*/g), which can effectively absorb organic pollutants in
water with the highest oil adsorption capacity reaching 3300%.
Li et al.** synthesized activated boron nitride with very high
SSA (2078 m’/g) by a structure-directed thermal reaction
method, which possesses excellent adsorption performance to
various metal ions and organic pollutants with the adsorption
capacity for Cr’** reaching 352 mg/g. It is considered that the
excellent and versatile absorption performance of the BN
nanomaterials is mainly caused by the polarity of the B—N
bond, large SSA, and swelling ability to accommodate
intercalation.* ~** However, to the best of our knowledge,
the application of nanosheet-based BN spheres for pollutant
removal has not been reported.

In this article, we report a simple catalyzing thermal
evaporation approach to prepare the nanosheet-structured BN
spheres (NSBNSs) with high controllability and high yield. The
NSBNSs are composed of radially oriented ultrathin nano-
sheets with the sheet edges oriented on the surface. The
NSBNSs possess excellent performance for application as
adsorbents removing oil, dyes, and heavy metal ions from
water. In particular, the adsorption capacities of the NSBNSs
for Pb*>* and Cu®* are higher or much higher than those of the
adsorbents reported previously. The excellent adsorption
performance of the NSBNSs mainly originates from the high-
density edge sites on the surface.

2. EXPERIMENTAL SECTION

2.1. Preparation of Samples. The NSBNSs was prepared by a
catalyzing thermal evaporation method from solid B powders. The
catalyst was prepared by a sol—gel technique, which mainly consists of
CoFe,0, and CoO.

Catalyst Preparation. The starting solution was prepared by
dissolving 0.33 g of Fe(NO;);-9H,0 and 0.41 g of Co(NO;),-6H,0 in
10 mL of distilled water to form a clear solution. After that, 3.3 g of
citric acid was added to the solution, followed by heating at 90 °C for 4
h under magnetic stirring, obtaining a red sol. Citric acid functions as a
complexing agent for metal ions and for controlling phase segregation
during drying and initial thermal treatment of the gel.34 Then, the sol
was heated at 100 °C until a dried xerogel was formed. Lastly, the
xerogel was heated at 600 °C in air for 10 min and then grinded into
powders.

Growth of NSBNSs. In a typical procedure, B powders and the
above prepared catalyst were first mechanically mixed. The mass ratios
(Rgyc) of B powders and catalyst are 1:0.5, 1:1, 1:2, and 1:4,
respectively. In each growth experiment, 400 mg of the mixture was
put into the bottom of a crucible, which was then placed at the center
of a tube furnace. Afterward, the mixture was heated at 1300 °C for 1 h
in NH; with a flow rate of 120 sccm. During the temperature
increasing process, N, was introduced at a flow rate of 100 sccm and
then NH; was introduced after reaching 1300 °C. After growth
reaction of 1 h, a large amount of white product can be obtained on
the crucible walls (Figure 1).

2.2. Characterization Methods. The structure of the obtained
samples was characterized by scanning electron microscopy (SEM,
HITACHI $-4700), transmission electron microscopy (TEM, JEM-
2100), Fourier transform infrared (FTIR, NICOLET-380) spectros-
copy, Raman spectroscopy (Raman, Renishaw RM-1000), X-ray
diffraction (Rigaku D/Max 2500Pc), and UV—visible absorption
spectroscopy (Shimazu UV-2600 spectrophotometer). The specific
surface area (SSA) of the samples was determined by nitrogen
adsorption at 77 K (Belsorp II analyzer). The SSA was calculated using
the Brunauer—Emmett—Teller (BET) method.
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B powders and catalyst after reaction

Figure 1. A photograph of the products deposited on the side wall of
the crucible.

2.3. Adsorption Experiments. Adsorption of Oil. The pump oil
was used as the target pollutant for testing the oil absorption capacity.
A certain amount of pump oil was mixed with water to form an oil/
water mixture. Then, a certain amount of the NSBNSs was dispersed
in the oil/water mixture to absorb the oil. After full absorption, the
NSBNSs with the absorbed oil were taken out for measurements. The
oil absorption capacity (C,) was calculated based on eq 1.

C, = (W =W,/ (W) (g/¢) (1)

In the equation, W is the total weight of the NSBNSs and the absorbed
oil and Wj is the weight of the pure NSBNSs.

Adsorption of Dyes. Malachite green (MG) and methylene blue
(MB), acting as the target pollutants, were dissolved into deionized
water to prepare the dye solutions with different concentrations. In a
typical process, 10 mg of the NSBNSs was added into 25 mL of MG
and MB solutions with a concentration of 110 mg/L under stirring for
adsorption. After adsorption for the appropriate time, the NSBNSs
were separated out from the solution by centrifugation. The
concentration of the residue dyes in the solution was examined by
UV-—visible absorption.

Adsorption of Heavy Metal lons. Heavy metal salt solutions with
different concentrations were prepared by dissolving the appropriate
amount of CuSO,-SH,0, Pb(NO;),, and Cd(NO;), in deionized
water. During adsorption experiments, 10 mg of the NSBNSs was
added into 25 mL of the above solution under magnetic stirring. After
adsorption for the appropriate time, the NSBNSs were separated out
by centrifugation and filtering. The initial concentration of heavy metal
ion solution is 200 mg/L. The concentrations of heavy mental ions
were determined by inductively coupled plasma-optical emission (ICP-
MS, ELAN DRC-2).

To obtain the isotherms, the adsorption tests were performed for a
series of solutions with different initial concentrations. Equilibrium
adsorption capacity (Q,, mg/g) on the dyes and heavy metal ions was
calculated using the following equation:

Q.= (Co = CIV/m )

In the equation, Cy and C, (mg/L) are the initial and equilibrium

concentrations of the dyes and heavy metal ions, V' (1) is the volume of
the solutions, and m (g) is the mass of the NSBNSs.

3. RESULTS AND DISCUSSION

Figure 2 shows the SEM images of the samples prepared at
Rg/c = 1:1 and different temperatures. It is clearly indicated that
the morphology of the products is strongly dependent on the
growth temperature. At 1100 °C, the products are irregular
particles (Figure 2a), whereas, at 1400 °C, the products are a
mixture of nanofibers and nanoparticles (Figure 2f). At the
intermediate temperatures of 1200 and 1300 °C, the products
exhibit a spherical morphology (Figure 2b—e). However, the
spheres obtained at 1200 °C are composed of the striplike
nanoparticles, and only at 1300 °C, the spheres composed of
radially oriented nanosheets can be obtained. This nanosheet-
structured BN spheres are abbreviated as NSBNSs here.
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Figure 2. SEM images of the NSBNSs prepared at Ry,c = 1:1 and
different temperatures: (a) 1100 °C, (b, c) 1200 °C, (d, e) 1300 °C,
(f) 1400 °C.

The effects of the catalyst amount used during the growth
reaction on the structure of the NSBNSs were investigated at
1300 °C. Figure 3 shows the SEM images of the products
prepared at 1300 °C and different Ry,c. It is found that the
amount of the used catalyst plays important roles in the growth
of the NSBNSs. With decreasing Ry, (increasing the catalyst
amount), the diameter of the NSBNSs decreases. The NSBNSs
prepared at the Ry of 1:0.5, 1:1 (Figure 2d,e), 1:2, and 1:4 are
4 pym, 3 ym, 1 ym, and 700 nm in diameter, respectively.
Despite the difference in diameter, the spheres obtained at the
above Ry possess about a similar morphology, i.e., composed
of radially oriented nanosheets. It can be seen that the sphere
size can be controlled by changing the Rgc.

Figure 4a shows a typical XRD pattern of the NSBNSs,
where the peaks at 26.6, 42.0, 54.8, and 76.4° can be ascribed to
the diffraction of (002), (100), (004), and (110) planes of
hexagonal BN (JCPDS card No. 34-0421),* respectively. The
sharpness of the main peaks and the appearance of the peaks
related to the interplanar order such as (110) indicate that the
NSBNSs are relatively well-crystallized. Figure 4b is a typical
FTIR spectrum of the obtained NSBNSs. In the spectrum, two
strong absorption peaks around 814 and 1396 cm™' were
observed, which are ascribed to the out-of-plane bending
vibration of sp>bonded B-N-B and the in-plane stretching
vibration of sp>-bonded B-N, respectively. In addition, apart
from the intrinsic peaks of hBN, several weak peaks were also

observed. The peaks at 2875 and 2933 cm™" are attributed to
the B-NH, groups and that at 3450 cm™" is attributed to the B-
OH group.3 3336 Ag shown in Figure 4c, the Raman spectrum
show a strong peak at about 1372 cm™, which is assigned to
the BN E,, mode. This Raman spectrum further confirms the
well-crystallized hBN structure for the NSBNSs. The UV—
visible absorption spectrum of the NSBNSs is shown in Figure
4d. In the spectrum, three absorption peaks are observed at
about 213, 249, and 316 nm, respectively. The absorption peak
at 213 nm (5.82 eV) corresponds to the band gap transition
absorption of hBN.>” The two small peaks at 249 nm (4.98 V)
and 316 nm (3.92 eV) are associated with defects such as
vacancies and impurities.*® The strong adsorption related to the
band gap transition confirms the high crystallinity of the
NSBNSs.

Figure S shows the TEM images of the NSBNSs prepared at
the Ry of 1:4 (panels a—c) and 1:1 (panels d—f). It is clearly
revealed that the NSBNSs are composed of many ultrathin
nanosheets, which are radially oriented with the sheet edges
exposed on the surface. These nanosheets separate from each
other, leading to much intersheet space. In agreement with the
SEM observation, the size of the NSBNSs decreases with
increasing the catalyst amount (Figure Sa,d). It is also noted
that the nanosheet thickness decreases with increasing the
catalyst amount, which was measured to be 3.1 and 9.1 nm for
the Rp/c of 1:4 and 1:1, respectively. On the high-resolution
TEM images, straight and parallel lattice fringes can be
observed (Figure Sb,cef), suggesting high crystallinity of the
NSBNSs. The average spacing between adjacent fringes is
about 0.34 nm, corresponding to (002) crystal planes of hBN.
For both samples, the nanosheets exhibit a tapered edge
morphology and only several atomic layers remain at the edge
positions (Figure Sc,f). The NSBNSs with the sheet edges
oriented on the surface are attractive for adsorption application.

We found that the catalysts are indispensable for synthesizing
the NSBNSs and no deposits can be obtained if only pure B
powders were used. This is because the B source cannot be
evaporated at the applied temperatures due to its high thermal
stability. In order to understand the growth mechanism of the
NSBNSs, the structural changes of the catalysts during the
growth reaction was tested by XRD. Figure 6 shows the typical
XRD patterns of the catalysts before and after reaction at 1300
°C. It was testified that the as-prepared catalyst is the mixture of
CoFe,0, and CoO. After growth reaction, the catalysts were
converted into the mixture of FeB, FeB,,, CoB, FeCo, FeN,
Co,Nye, and Co, where the metal borides predominate.

Figure 3. SEM images of the NSBNSs grown at different Ry,c: (3, d) 1:0.5, (b, e) 1:2, (¢, f) 1:4.
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Figure 4. Typical XRD pattern (a), FTIR spectrum (b), Raman spectrum (c), and UV—visible absorption spectrum (d) of the NSBNSs.

Figure 5. TEM images of the NSBNSs prepared at different Ry : (a—
c) 1:4, (d—f) 1:1. (The insets of panels b and e are from the areas in
rectangles A and C; panels ¢ and f are from rectangles B and D,
respectively.)
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Figure 6. XRD patterns of the catalysts before (I) and after (II) the
growth reaction.

Therefore, it is considered that the metal borides play key roles
in the growth of the NSBNSs. At high temperature, CoFe,O,
and CoO react with B to form the metal borides, which possess
higher reactivity than the pure B powders.”” Therefore, the
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metal borides are capable of reacting with the active species
generated by decomposition of NHj, such as N, NH, NH,, and
H, at high temperature to form B containing volatile active
species such as BN and BH,, which deposit on the crucible
walls to form the BN solid products. Concurrently, with the
depletion of the B atoms in the metal borides, new B atoms are
supplied from the B powders, making the metal borides exist
stably. In this way, the B atoms can be evaporated continuously
until they are exhausted. In our experiments, the amounts of
the used B powders and catalysts are comparable; ie., the B
amount is limited relative to the catalyst. Therefore, the
evaporating rate and the final amount of the evaporated B
atoms decrease with decreasing the Ry, resulting in the
corresponding decrease of the growth rate. As a result, the size
and nanosheet thickness of the NSBNSs decrease with
decreasing the Ry, as observed in the SEM and TEM images.

The N, adsorption/desorption isotherms of the different
samples are shown in Figure 7. These isotherms exhibit a
hysteresis loop in the P/P; range of 0.45—1.0, showing the
features of type IV adsorption/desorption isotherms related to
the mesoporous structure.*” The specific surface area of the
samples prepared at the Ry/c of 1:0.5, 1:1, 1:2, and 1:4 were
calculated to be $9.4, 92.7, 135.6, and 196.5 m?/ g, respectively.
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Figure 7. Nitrogen adsorption/desorption isotherms at 77 K of the
samples prepared at 1300 °C and different Rpc.
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Figure 8. (a—c) Photographs showing the oil adsorption process of the NSBNSs (inset in (c) is the image of the oil-adsorbed NSBNSs taken out
from the water after adsorption). (d) Reusability of NSBNSs regenerated by thermal treatment of adsorbed oil.

It is found that the SSA of the samples increases with
decreasing the Ry,c and the sample prepared at the Ry of 1:4
possesses the highest SSA. The higher SSA for the samples
prepared at a lower Ry, value results from the corresponding
decrease of the sphere diameter and nanosheet thickness.

The above analyses indicate that the NSBNSs synthesized at
Rg/c = 1:4 possess the smallest diameter, smallest nanosheet
thickness, and the highest SSA. Combining these characteristics
and the high-density nanosheet edges on the surface and the
dipolar nature of the B—N bonds, the NSBNSs (Rg,¢ = 1:4) are
highly advantageous for wastewater treatment. The oil
adsorption capacity of the NSBNSs was evaluated by putting
the sample into a mixture of water and oil, as shown in Figure
8a—c. When the NSBNSs contact the oil, the adsorbing process
proceeded rapidly. Only after 40 s, a considerable part of the
floating oil has been adsorbed. After 2 min, most of the oil has
been taken up by the NSBNSs. After adsorption, the NSBNSs
are still floating on the water surface and thus easily removed.
The inset of Figure 8c is the image of the NSBNSs with the
adsorbed oil taken out from the water. It is observed that the
water became completely clear after adsorption. The adsorption
capacity of the NSBNSs for oil was measured to be about 7.8
times their own weight, which is higher than the commercial
bulk BN particles and activated carbon.>* The reusability of the
NSBNS:s for oil absorption was investigated by heating the used
NSBNSs at 600 °C in air for 2 h and then repeating the
absorption process. After 5 recycles, the absorption capacity can
still reach 540 wt % of its own weight, suggesting good
recyclability (Figure 8d).

The adsorption performance of the NSBNSs on the dye
pollutants was investigated using MG and MB as the paradigms.
UV—visible adsorption spectra were measured at the maximum
absorption wavelength of the dyes (MG and MB) to investigate
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their adsorption kinetics. Figure 9ab shows the UV—visible
adsorption spectra of the MG and MB solutions after
adsorption for different times. It can be seen that the
adsorption peak intensity decreased rapidly with increasing
the adsorption time and became negligible within 60 min,
indicating the high adsorbing efliciency of the NSBNSs on the
dye molecules. We noted that the spectra of the 0 min
absorption show an abnormal shape, which is caused by the too
high absorption at the too high dye concentration. Figure 9¢,d
shows the relative concentration (C/C,) of MG and MB versus
adsorption time, indicating that about 99% of the dye molecules
were removed within 180 min. Our experimental data fit the
Langmuir adsorption isotherm quite well, with the correlation
coefficients of 0.993 and 0.995 for MG and MB, respectively
(Figure 9e,f). The maximum adsorption capacities of NSBNSs
on MG and MB are 324 and 233 mg/g, respectively. It is noted
that the adsorption capacity of the NSBNSs on MG is higher
than those of adsorbents reported previously, such as PAA/
SiO, composite nanofiber (22049 mg/g),*' treated ginger
waste (84.03 mg/g),* and cyclodextrin-based adsorbent (91.9
mg/g).* The adsorption capacity of the NSBNSs on MB is
comparable to or much higher than those of the reported
adsorbents, such as the BN nanocarpets (272.4 mg/g),*!
activated carbon (15.59 mg/ g),44 coir pith carbon (5.87 mg/
g),* and multiwalled carbon nanotubes (48.06 mg/g).*

The pollution of heavy metal ions has become a serious
worldwide problem that endangers the environment and health
of human beings. The typical heavy metal ions Cu?*, Pb**, and
Cd?* were chosen to investigate the absorption performance of
the NSBNSs. The initial concentrations of all the three metal
ions were chosen at 200 mg/L, and the initial pH value is
adjusted at 5.5. Figure 10a—c shows the relative concentration
(C/Cy) of Cu*, Pb*, and Cd** versus adsorption time. It is
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and an initial pH value of 5.5. (d—f) Adsorption isotherms of the NSBNSs on Cu** (a), Pb** (b), and Cd** (c). (The insets show the respective
photographs of the NSBNSs after adsorption.)

indicated that 99% of the Cu®* and Pb** ions have been Cu®" and Pb** ions. However, the adsorption capacity of the
adsorbed after 720 min, manifesting an excellent property on NSBNSs on Cd** ions is relatively low and only 22% of the
1829 DOI: 10.1021/am5074912
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initial amount can be removed. The adsorption isotherms
(Figure 10d—f) accord with the Langmuir model with the
correlation coefficients at 0.986, 0.991, and 0.995 for the
adsorption of Cu’*, Pb**, and Cd**, respectively. The maximum
adsorption capacities of Cu®*, Pb**, and Cd** on NSBNSs are
536.7 £ 10.2, 678.7 + 10.3, and 107.0 + 1.4 mg/g, respectively.
In previous reports, many materials, such as activated boron
nitride, activated carbon, SWCNTs, oxidized CNTs, soy
protein hollow microspheres (SPMs), hydroxyapatited nano-
sheet-assembled microspheres (HAP-NMSs), and graphene-
oxide/ployamidoamine dendrimers (GO/PAMAMs), have
been used to adsorb Cu®', Pb?**, and Cd** ions with different
adsorption capacities. The activated boron nitride possesses an
adsorption capacity of 225 mg/g on Pb** ion,> while the
activated carbon possesses the adsorption capacities of 75.8
mg/g on Cu®" and 94.4 mg/g on Pb**.*’ For the adsorbents of
SWCNTs, oxidized CNTs, SPMs, HAP-NMSs, and GO/
PAMAMs, the adsorption capacities on Cu®*, Pb**, and Cd**
ions range from 64.9 to 118.9 mg/g, 94.4 to 568.2 mg/g, and
55.8 to 253 mg/g**™>* respectively. Comparing with the
above-reported adsorbents, the present NSBNSs show much
higher adsorbing capacity on Cu** and Pb*" ions, although their
adsorption capacity on Cd** is not prominent. The changing
trend of the adsorption capacity for the different ions is in
accordance with the changing trend of their affinity, i.e.,, Pb*" >
Cu** > Cd*,> suggesting that the polarity of the B—N bonds
may play roles in the adsorption of the metal ions.

The excellent adsorption performance of the NSBNSs arises
from the intrinsic structure and properties of BN as well as the
superior structure of the NSBNSs. The polarity of the B—N
bonds provides high activity for adsorption, and the large
interplane spacing provides the possibility for the molecules to
intercalate.>*>* It is noted that, in previous literatures, the high
adsorption capacity was obtained mainly for the BN materials
with very high SSA.>'~>* However, in the present work, the
NSBNSs exhibit excellent adsorption performance despite the
low SSA. It is considered that the excellent adsorption
performance of the NSBNSs is caused by the radial orientation
of the nanosheets, which makes the sheet edges crowd on the
surface. These sheet edges possess high adsorption efficiency
due to the high activity. In addition, the NSBNSs with the
nanosheets radially aligned and separated from each other
provide a smooth path for mass transport and enough space to
accommodate the adsorbed pollutants. It is noted that the
present method for preparing the NSBNSs could give a
relatively high yield, and thus of high promise for practical
application. Specifically, about 100 mg of the NSBNSs could be
obtained in one single run in the small crucible (5 X 2.5 cm?),
suggesting the possibility of large-scale production.

4. CONCLUSIONS

In summary, we have successfully prepared the NSBNSs from B
powders through a simple catalyzing thermal evaporation
approach. The NSBNSs consist of radially oriented ultrathin
nanosheets with the sheet edges oriented on the surface. The
formation of the NSBNSs is strongly dependent on the reaction
temperature and the mass ratio of the B source and the catalyst
(Rg,c). By appropriately changing the temperature and Ry,
the diameter and nanosheet thickness of the NSBNSs can be
well-controlled. The NSBNSs possess excellent performance
for application as adsorbents removing oil, dyes, and heavy
metal ions from water. The oil uptake reaches 7.8 times its own
weight. The adsorption capacities for malachite green and
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methylene blue are 324 and 233 mg/g, while those for Cu*,
Pb**, and Cd** are 678.7, 536.7, and 107.0 mg/g, respectively.
In particular, the adsorption capacities for Pb** and Cu®* are
higher or much higher than those of the adsorbents reported
previously. The excellent adsorption performance of the
NSBNSs mainly originates from the high-density edge sites
on the surface. These results suggest that the present NSBNSs
are promising for water treatment and cleaning.
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