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ABSTRACT: Wet chemistry-based techniques, including
widely used hydrothermal and solvothermal synthesis, have
emerged as thriving strategies for nanostructure bulk synthesis,
which in reality encountered the ubiquitous challenge of
corrosion problems during scale-up or further commercializa-
tion. In this contribution, as an endeavor, uniform and pore-
free Mg,B,05 nanowhiskers with a length of 120—3000 nm, a
diameter of 40—160 nm, and an aspect ratio of 2—34 were
successfully synthesized via a novel, green, noncorrosive, easy
scale-up hydrothermal—thermal conversion route. Specifically,
the NaCl byproduct of the room-temperature coprecipitation
system was preseparated by filtration, and then the cake was
transferred for hydrothermal conversion to avoid the corrosion
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of CI”, giving rise to uniform MgBO,(OH) nanowhiskers. The MgBO,(OH) nanowhiskers were calcined for high crystallinity
Mg,B,0; nanowhiskers, assisted by NP-9 and preseparated byproduct NaCl. The present novel hydrothermal synthetic route to
MgBO,(OH) nanowhiskers was carried out at 200 °C (40 °C lower than previous work), definitely indicating green
characteristics, such as energy savings, reduction and reuse of byproduct, noncorrosiveness to hydrothermal apparatus, and easy
scale-up. The as-developed strategy provided a feasible and operable solution to the bottleneck of the hydrothermal scale-up of
MgBO,(OH)/Mg,B,05 nanowhiskers. Not only was this enlightening for mass production of other nanostructures, especially for
the chlorate-participated system in academia and industry, but this also could contribute to sustainable development of our

society.
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B INTRODUCTION

In the last two decades, one-dimensional (1D) nanomaterials
(such as nanotubes, nanowires, nanowhiskers, nanorods, and
nanobelts) have attracted much attention for their unique
structures, novel properties, and great potential applications in
varieties of fields.'”” On one hand, the properties of 1D
nanomaterials greatly depend on their structures, morphology,
aspect ratio and crystallinity,® '* and thus, it is of great
significance to develop controllable synthetic routes to 1D
nanostructures with uniform morphology, high aspect ratio, and
high crystallinity. On the other hand, as more and more is
recognized in the modern sustainable society, including
reducing waste, minimizing energy requirements, conducting
synthetic methods at relative lower temperature and pressure,
and using renewable raw material or feedstock, significant
principles of green chemistry will benefit the sustainable
development of our modern society.'®"” Thus, it is a great
challenge to research and develop green synthetic techniques in
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the materials science and chemical science, as well as the
crystalline community.'”

Conventionally, 1D nanowires or whiskers can be obtained
by chemical vapor deposition (CVD),*'"°molten salt synthesis
(MSS),"® or mechanically activated annealing.19 For the CVD
technique, novel nanostructures with high crystallinity and
excellent properties can be obtained. However, problems such
as high energy consumption, broad distributions of the size and
morphology of products, and difficulty in scaling-up'® greatly
limited its practical utilization at the present stage. As for MSS,
high crystallinity whiskers with diameters ranging from several
to tens of micrometers can be readily acquired, whereas the
relatively large diameters, severe agglomeration, tough post-
washing, and purification owing to mass use of NaCl also
restrained its development. In contrast, hydrothermal technol-

Received: November 18, 2013
Revised:  January 23, 2014
Published: January 27, 2014

dx.doi.org/10.1021/sc400481j | ACS Sustainable Chem. Eng. 2014, 2, 836—845


pubs.acs.org/journal/ascecg

ACS Sustainable Chemistry & Engineering

Research Article

ogy has emerged as a thriving method for the synthesis of 1D
nanostructures with several distinct advantages, such as energy
savings, better nucleation control, better shape control, etc.,’
which readily leads to hydroxyl- or crystalline water-containing
compounds. To obtain anhydrous compounds or oxides,
subsequent calcination or thermal conversion is highly
considered.

One-dimensional nanostructured magnesium borates, includ-
ing MgB,0O, nanowires, > Mg;B,04 nanotubes and nanobelts,'
Mg,B,04 nanowires," nanorods”**® and whiskers,***
have been paid much attention in recent years for their wide
applications as reinforcing components in electronic ceramics,”’
wide band gap semiconductors,” glass,*® and plastics or
aluminum/magnesium matrix alloys.””**  One-dimensional
Mg,B,0; micro/nanostructures were prepared via the tradi-
tional hi§h temperature CVD technique’*™** or MSS
route'®?%*” within 850—1250 °C. As mentioned above,
although the Mg,B,0; nanostructures synthesized by the
traditional methods exhibited high crystallinity, there were still
technical problems needed to be solved, such as high energy
consumption, coexistence of the particulate agglomer-
ates,”*>*” and relatively rigorous experimental conditions.”!
In our previous work, a hydrothermal-based thermal conversion
route has been successfully developed for the MgBO,(OH)/
Mg,B,0; nanowhiskers,> ~** based on a mass or quasi-pilot
hydrothermal production of MgBO,(OH) nanowhiskers by
using an autoclave with a capacity of 150 L that has also been
investigated.”> The temperature and time were 40 °C and 12.0
h lower or shorter than those that had been employed for the
optimal hydrothermal synthesis of the MgBO,(OH) nano-
whiskers®® for fear of the huge corrosive potential of the
reactant system containing multitudes of CI” to the autoclave.
As known, the passivation of chromium oxide can prevent
surface corrosion of metals such as steel by blocking oxygen
diffusion to the metal surface and further block the corrosion
spreading from the surface to the internal structure of the
metal. Nevertheless, the electronegative Cl™ ions can inhibit the
above-mentioned passivation. The attack of CI” toward
stainless steel resulted in crevices and pits in the direction
perpendicular to the surface being attacked, leading to heavy
corrosion of stainless steel. This caused a real decrease in the
optimal hydrothermal process to a large extent, producing
much shorter MgBO,(OH) nanowhiskers. The subsequent
thermal conversion brought about lower aspect ratio Mg,B,04
nanorods and greatly restrained the corresponding reinforcing
effect when filled into the BOPP-D1 type resins.”> Evidently,
the great potential corrosion of the Cl™ ions to the autoclave
has emerged as the realistic bottleneck for the hydrothermal
scale-up of the nanowhiskers. Thus, to investigate a novel,
green, noncorrosive, hydrothermal-based thermal conversion
route to Mg,B,0; nanowhiskers has become extremely crucial
and imperative for realistic environmentally friendly mass
production so as to be employed in related fields in the near
future.

In this contribution toward the solution to the significant
bottleneck of corrosion originated from the CI™ ions within the
hydrothermal system, we report for the first time our latest
results on the green, noncorrosive, easy scale-up, hydro-
thermal—thermal conversion synthesis of the Mg,B,05 nano-
whiskers. In contrast with our previous work,>' > the CI~ ions
were avoided to participate in the hydrothermal treatment.
SO, were employed to promote 1D growth at lower
hydrothermal temperature to acquire high aspect ratio
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MgBO,(OH) nanowhiskers. The preseparated filtrate contain-
ing NaCl was reused and recycled, and poly(oxyethylene),
nonylphenol ether (NP-9) was introduced during the thermal
conversion so as to produce high aspect ratio, high crystallinity,
pore-free Mg,B,05 nanowhiskers with high dispersity. Specif-
ically, the slurry containing NaCl was first filtrated after room-
temperature coprecipitation, and the requisite reactant system
was then transferred for hydrothermal phase conversion with
necessary modulation so as to eliminate the corrosion of Cl™ on
the future commercial stainless apparatus. SO,* -aided hydro-
thermal conversion at 200 °C for 12.0 h led to uniform
MgBO,(OH) nanowhiskers (diameter: 10—70 nm, length:
500—3200 nm, aspect ratio: 10—50) with the length and aspect
ratio even longer and higher than those previously obtained at
240 °C for 24.0 h.* The subsequent thermal conversion in the
presence of the byproduct NaCl derived from former filtrate
and NP-9 resulted in uniform high crystallinity, high
dispersivity, high aspect ratio, pore-free Mg,B,0O5 nanowhiskers.
The present noncorrosive, green, hydrothermal—thermal
conversion route to high aspect ratio MgBO,(OH)/Mg,B,0;
nanowhiskers apparently suggested a significant breakthrough
based on the previous work, indicating a feasible solution to the
future green mass or commercial hydrothermal—thermal
conversion production of MgBO,(OH)/Mg,B,0s nano-
whiskers, which is also helpful for green hydrothermal synthesis
and mass production of other 1D nanostructured metal oxides
with high aspect ratio, high crystallinity, and high dispersity.

B EXPERIMENTAL SECTION

Green, Noncorrosive, Easy Scale-Up Hydrothermal Syn-
thesis of MgBO,(OH) Nanowhiskers. All of the reagents were
analytical grade and used directly without further purification. In a
typical procedure, the hydrothermal precursor was first prepared by a
room-temperature coprecipitation of a MgCl, (1 mol L™/, 14 mL)
solution and H;BO; (04996 g) and NaOH (2 mol L', 14 mL)
solution under vigorous magnetic stirring, keeping the molar ratio of
Mg:B:Na as 7:4:14 based on the requisite molar ratio of the reactants
at room-temperature coprecipitation.>® The resultant white slurry was
filtered, and the as-obtained cake was washed with deionized (DI)
water (resistivity: 1.33 X 10° Qm) two times (about100 mL in all) in
order to remove CI7, using a AgNO; solution to test whether the cake
was thoroughly rid of CI” or not. The preseparated solution rich in
NaCl was saved for reuse. The cake was then put into a Teflon-lined
stainless steel autoclave with a capacity of 70 mL by adding 42 mL of
DI water. The cake was agitated into a uniform slurry, followed by
adding H;BO; with the molar ratio of Mg:additional H;BO; = 7:6.5
(i.e., remanent H;BO; when keeping the total molar ratio of Mg:B =
2:3 according to the previous work®®), as well as a NaOH solution to
adjust the pH value to 10.0—10.2 (i.e., general pH value of the slurry
originated from the room-temperature coprecipitation in the previous
work). The autoclave was sealed, heated to 200 °C (heating rate: S °C
min~'), and kept in an isothermal state for 12.0 h. After the
hydrothermal synthesis, the autoclave was cooled to room temperature
naturally. The as-obtained precipitate was filtered, washed with DI
water three times, rinsed with ethanol, and finally dried at 60 °C for
240 h for necessary characterization and subsequent thermal
conversion. To investigate the possible effect of SO, on the
hydrothermal formation of MgBO,(OH) nanowhiskers, Na,SO, was
added into the slurry before the hydrothermal treatment with the
molar ratio of SO,*":Mg®" = 0.667—0.0125, and other conditions were
kept the same.

Thermal Conversion Synthesis of Mg,B,05 Nanowhiskers.
For the thermal conversion, the dried hydrothermal product particles
were milled in the presence of 61.5% or 100% of the preseparated
solution rich in NaCl, 5 mL of NP-9, and 25% or 50% of H;BO; added
before the hydrothermal treatment within a quartz mortar for 20.0
min. The resultant slurry was then transferred into a porcelain boat
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located in a horizontal quartz tube furnace and heated to the
designated temperature of 700 °C (heating rate: 1.0-10.0 °C
min~!),>* with the temperature kept constant for 2.0 h. After the
thermal conversion, the samples were cooled to room temperature
naturally within the tube, collected, washed with DI water three times,
and finally dried at 70 °C for 24.0 h.

Characterization. The initial conductivity of the DI water was
determined using a conductivity meter (Model DDS-IIA, Shanghai
Leici Instrument, Inc.,, Shanghai, China). The structure of the samples
was identified by a X-ray powder diffractometer (XRD, D8-Advance,
Bruker, Germany) using Cu Ko radiation (4 = 1.54178 A) with a fixed
power source (40.0 kV, 40.0 mA). The morphologies and structures of
the samples were examined by field emission scanning electron
microscopy (SEM, JSM, 7401F, JEOL, Japan, at 3.0 kV) and high
resolution transmission electron microscopy (TEM, JEM-2010, JEOL,
Japan, at 120.0 kV). The selected area electron diffraction (SAED) was
also performed by JEM-2010 TEM. The size distribution of the as-
synthesized nanowhiskers was estimated by directly measuring about
100 particles from the typical TEM images. The thermal
decomposition behavior of the sample was detected by a
thermogravimetric analyzer (TGA, Netzsch STA 409C, Germany)
carried out in dynamic air with a heating rate of 10.0 K min™". Pictures
of the Tyndall effect were taken by a digital camera, with the
nanowhiskers dispersed in the ethanol. Optical properties were
examined with a UV—vis spectrophotometer (UV-3600 230VCE,
Shimadzu, Japan), with the samples either dispersed in absolute
ethanol or simply and directly in the solid state.

B RESULTS AND DISCUSSION

Green, Noncorrosive, Easy Scale-Up Hydrothermal
Route to MgBO,(OH) Nanowhiskers. Taking the potential
risk of corrosion for the future commercial stainless steel
apparatus due to the reactant system rich in NaCl into account,
a novel, green, noncorrosive, hydrothermal route to
MgBO,(OH) nanowhiskers was developed and is illustrated
in Figure 1. As shown by the red arrow route in the general
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Figure 1. Green, noncorrosive, easy scale-up, hydrothermal—thermal
conversion route to high aspect ratio magnesium borate nanowhiskers.
Red solid arrow route: Potential corrosive process. Red solid with
green dot arrows: Green noncorrosive process.

hydrothermal synthesis, the entire slurry originated from the
room-temperature coprecipitation of MgCl,, H;BO; and
NaOH solutions (molar ratio of Mg:B:Na as 2:3:4) and was
directly transferred into the autoclave for hydrothermal
conve1‘sion,36’3'7 ie, potential corrosive process. Whereas in
the green hydrothermal process (indicated by the red solid and
green dot arrows), the slurry derived from the room-
temperature coprecipitation (molar ratio of Mg:B:Na =
7:4:14) was filtered, leading to the filtrate rich in NaCl (ie.,
NaCl solution) and the cake Mg;(OH);Cl-3H,0. The former
was set aside for reuse, and the latter was transferred into the
autoclave, followed by addition of the requisite reactant H;BOs;,
DI water, SO,>7, and NaOH to adjust the pH value of the
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reconstructed phase conversion system to 10.0—10.2. After the
hydrothermal phase conversion, the as-obtained product slurry
was filtered, washed, and dried, resulting in MgBO,(OH)
nanowhiskers, which were mixed with the NaCl solution and
some amount of NP-9 for the subsequent thermal conversion.
Finally, byproduct flux NaCl and additional surfactant NP-9
assisted the thermal conversion, giving rise to the final, high
crystallinity, pore-free Mg,B,0  nanowhiskers.

Apparently, the hydrothermal—thermal conversion route to
MgBO,(OH)/Mg,B,05 nanowhiskers developed herein was an
entirely novel, green, noncorrosive process with easy scale-up.
Before the hydrothermal treatment, Cl™ ions within the room-
temperature coprecipitation system were preseparated out by
filtration and repeated washing, and almost all of the CI™ ions
were transferred into the filtrate. The filtrate rich in CI™ (in
terms of NaCl) was introduced during the thermal conversion
procedure and thus could on one hand avoid potential
corrosion to the future commercial hydrothermal apparatus.
On the other hand, it could serve as the necessary flux medium
for pore shrinkage and elimination during the thermal
conversion formation of Mg,B,0; nanowhiskers. Within such
a conversion, the flux can melt gradually with an increase in
temperature and then penetrate into and reach each corner
with the generation, coalescence, turbulence, rupture, migra-
tion, and evaporation of the pores within the bulk of the porous
nanowhiskers due to dehydration and thus promote pore
shrinkage and elimination owing to recrystallization.*>**
Consequently, the byproduct NaCl contained in the presepa-
rated filtrate was recycled and reused. In addition, the
hydrothermal conversion was performed below 200 °C for
12.0 h, which was 40 °C lower and 12.0 h shorter than those
employed in the previous so-called optimal potential corrosive
process,””*® indicating significant energy savings. This defi-
nitely revealed that the present hydrothermal—thermal
conversion route is distinct, novel, green,”’40 and noncorrosive
with an easy scale-up.

It was notable that, however, before the hydrothermal
conversion, a necessary amount of DI water, requisite H;BO;,
and SO,*~ were supplemented to the remnant cake, followed
by adding some NaOH solution to adjust the pH value back to
that exhibited during the previous potential corrosive hydro-
thermal process for MgBO,(OH) nanowhiskers.>' In addition,
the introduction of NP-9 during the thermal conversion of
MgBO,(OH) nanowhiskers was aimed to improve the
dispersity of the as-synthesized Mg,B,05 nanowhiskers.

Formation of MgBO,(OH) Nanowhiskers. To under-
stand the phase conversion throughout the process, both
intermediates (i.e., room-temperature coprecipitates or hydro-
thermal precursors) and the final products were monitored. As
shown in Figure 2(a;), the room-temperature coprecipitates
exhibited low crystallinity and were indexed to Mg;(OH);Cl-
3H,0 (PDF No. 07-0416), which is the same as with the
precursor obtained in the previous work when the molar ratio
of the reactants were kept as MgCl,:H;BO;:NaOH = 2:3:7.%
The present molar ratio of the reactants (Mg:B:Na = 7:4:14)
did not lead to amorphous Mg,B,0,5-7H,0® as expected,
indicating the requisite boron-rich surrounding for the
formation of the Mg;B,0,;-7H,0 phase. In contrast, in the
present case, the hydrothermal products formed at 200 °C for
12.0 h whether in the presence of SO,*~ or not (Figure 2(a,—
a5)) and were all readily assigned to MgBO,(OH) (PDF No.
39-1370); no other impurities were detected. This was same
with that hydrothermally obtained when the molar ratio of the
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Figure 2. Composition (a;—as) and morphology (b—f) of room-temperature coprecipitation (a;,b) and hydrothermal products formed at 200 °C for

12.0 h in the absence (a,,c) or presence (a;—a;,d—f) of SO,>~. Molar ratio of SO,*":Mg** =

0.0125 (a3,d), 0.05 (ase), and 0.667 (as,f). Inserts:

Length distribution of the corresponding MgBO,(OH) nanowhiskers. %, Mg;(OH);Cl-3H,0; V, MgBO,(OH).

reactants were kept as Mg:B:Na = 2:3:4.>° Thus, the present
room-temperature coprecipitation could be chemically ex-
pressed as follows

3MgCl, + H,BO, + 6NaOH + H,0

- MgS(OH)SCI-?)HZO + NaBO, + 5NaCl (1)

while the supplement of H;BO; and NaOH promoted the
hydrothermal conversion from Mg;(OH);Cl-3H,0 to
MgBO,(OH)

Mg,(OH),CI-3H,0 + 3H;BO, + NaOH

— 3MgBO,(OH) + NaCl + 9H,0 (2)

Meanwhile, the TEM characterization showed that the
precursor Mg;(OH);Cl-3H,0 exhibited irregular morphology,
revealing poor crystallinity (Figure 2b). This was in agreement
with the XRD result (Figure 2(a;)) to some extent. After the
hydrothermal treatment, all the MgBO,(OH) nanoparticles
(NPs) demonstrated 1D or whisker-like morphology. As shown
in Figure 2 (a,c), when hydrothermally treated without any
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additives, the MgBO,(OH) nanowhiskers had an average
length of 613 nm, a diameter of 34 nm, and an aspect ratio of
18. With the introduction of SO,*~ and the molar ratio of
SO,:Mg*" as 0.0125 (a;d), the average length and aspect
ratio of the MgBO,(OH) nanowhiskers remarkably increased
to 1240 nm and 36, respectively. Detailed size distributions
demonstrated that the MgBO,(OH) nanowhiskers obtained at
200 °C for 12.0 h in the presence of sulfate (Figure S1(a;—a;),
Supporting Information), molar ratio, SO,*":Mg** = 0.0125)
had a length of 0.5—3.0 ym, a diameter of 10—70 nm, and an
aspect ratio of 10—80, much longer than those acquired in the
absence of sulfate (Figure S1(b;—b,), Supporting Information).
Notably, the MgBO,(OH) nanowhiskers synthesized here
could be definitely comparable to those acquired at 240 °C for
24.0 h previously®® in diameter and length, reconfirming the
energy savings, green, noncorrosive characteristics of the
present hydrothermal route.

In other words, with the molar ratio of SO,*": Mg*
increased from 0 to 0.0125, the enhancement effect of the
sulfate for the 1D growth of the MgBO,(OH) nanowhiskers
was significant. Although the underlying mechanism is still
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unclear at present, it was probably associated with the selective
adsorption of sulfate on the side surfaces of the MgBO, (OH)
nanowhiskers, which would thus promote the preferential
growth of the MgBO,(OH) nanowhiskers along the axial
direction. This was similar to the H,SO,-assisted hydrothermal
formation of y-AIOOH nanorods,*' which exhibited the same
1D growth habit with the MgBO,(OH) phase owing to the
inherent specific anisotropic crystal structure.’”” The inherent
anisotropic crystal structure-based 1D growth habit of the
nanowhiskers as well as the specific interaction between the
sulfate and the side surfaces of the nanowhiskers should have
played key roles in enhancing the preferential 1D growth of the
MgBO,(OH) nanowhiskers with longer length and higher
aspect ratio.

Nevertheless, when too much sulfate was present, e.g.,, when
the molar ratio of SO,*":Mg*" further increased to 0.05 (ae)
and to 0.667 (asf), the average length of the nanowhiskers
changed to 623 and 900 nm, resepctively, and the average
aspect ratio was altered to 15 and 22, respectively.
Simultaneously, the average diameter increased to 43 and 42
nm, respectively. Thus, too much sulfate did not further
promote the 1D growth of the MgBO,(OH) nanowhiskers
with longer length and larger aspect ratio, and the resultant
thicker nanowhiskers in the presence of relatively high sulfate
concentration revealed that an excess of sulfate adsorbed onto
the side surfaces of the nanowhiskers might favor side
coalescence growth, leading to MgBO,(OH) nanowhiskers
with thicker diameters. This was to some extent analogous to
the effect of sulfate on the hydrothermal formation of WO,
nanowires and ribbon-like nanostructures.**

The TEM and HRTEM images of the MgBO,(OH)
nanowhiskers formed at 200 °C for 12.0 h in the presence of
sulfate (molar ratio of SO,*":Mg** = 0.0125) are shown in
Figure 3. As shown, high crystallinity nanowhiskers were

Figure 3. TEM images (a), SAED pattern (a,), and HRTEM image
(a,) of the MgBO,(OH) nanowhiskers hydrothermally synthesized at
200 °C for 12.0 h with the molar ratio of SO,*":Mg** = 0.0125.

obtained via the present green noncorrosive hydrothermal
route, also comparable to those obtained by the previous
hydrothermal process carried out at 240 °C for 24.0 h.*® The
SAED pattern (Figure 3(a;)) recorded from the dotted circle
area indicated that the multilayer nanowhiskers contained
within the area were a significant crystalline phase. Meanwhile,
the HRTEM image (Figure 3(a,)) corresponded to the dashed
rectangular region demonstrated that the legible longitudinal
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lattice fringes were observed, and the detected interplanar
spacing of 0.52 nm was quite consistent with the standard value
of (020) planes, indicating the preferential growth direction of
the nanowhiskers parallel to (020) planes, in agreement with
the previous results.>®

Thermal Conversion of MgBO,(OH) Nanowhiskers To
Form Mg,B,0; Nanowhiskers. The thermal decomposition
property of the MgBO,(OH) nanowhiskers synthesized in the
presence of SO,*~ (molar ratio, SO,*:Mg**= 0.0125) was
examined, as shown in the differential scanning calorimetry
(TG-DSC) curves in Figure 4. The mass decreased fast below
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Figure 4. TG-DSC profiles of the MgBO,(OH) nanowhiskers
hydrothermally synthesized at 200 °C for 12.0 h with the molar
ratio of SO,>":Mg*" = 0.0125.

50 °C, owing to the elimination of the absorbed water derived
from the relatively low drying temperature of 60 °C. With the
temperature rising, the sample mass decreased at a compara-
tively slow rate within 50—440 °C and a faster rate within 440—
600 °C, which was kept nearly constant at temperature above
600 °C. The mass loss between 440 and 600 °C was 11.3%,
similar to the theoretical mass loss (10.7%) for the conversion
from MgBO,(OH) to Mg,B,0;

2MgBO,(OH)(s) — Mg B,04(s) + H,0(g) 3)

As noted previously, the final decomposition temperature of
MgBO,(OH) nanaowhiskers (600 °C) was lower than that of
natural szaibelyite (MgBO,(OH), 700 °C),* ascribed to
particle size reduction. Simultaneously recorded DSC curves
demonstrated that there was a gradual changing tendency
below 440 °C and a remarkable endothermic change between
440 and 600 °C, originated from the gradual, steady, however,
somewhat difficult elimination of the physically absorbed water
and structural water due to the thermal conversion of the
MgBO,(OH) phase (eq 3). The distinct exothermic peak of the
DSC curve at approximately 669 °C corresponds to the
recrystallization of Mg,B,0;."" The overal gradual change of
the present TG-DSC curves before the final thermal conversion
and remarkable exothermic effect after the thermal conversion
was quite similar to that demonstrated in previous work®' and
also akin to some other borates.*>**

According to the thermal decomposition property of the as-
synthesized MgBO,(OH) nanaowhiskers, subsequent thermal
conversion to form Mg,B,0; nanowhiskers was investigated.
Because NaCl could be employed as the necessary flux medium
for the pore-free Mg,B,05 nanowhiskers,” the preseparated
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Figure 5. XRD patterns (a,—a,), TEM (b—f), and HRTEM (g) images of the products calcined at 700 °C for 2.0 h, assisted by 61.5% (a;,b) or 100%
(ayc—g) of the formerly preseparated solution rich in NaCl and NP-9, as well as an additional 25% H;BO; (a;,d) or 50% H;BO; (a,e—g) based on
that used before hydrothermal treatment. ®, Mg,B,05, V, Mg;(BO3),.

solution rich in NaCl in the present green hydrothermal route
could thus be reused. However, in contrast with the previous
work,*? in the preseparated solution rich in NaCl, some amount
of additional NP-9 as well as some H;BO; were mixed with the
as-obtained MgBO,(OH) nanaowhiskers before thermal
conversion. Figure S shows the composition, morphology,
and microstructure of the calcined products. When 61.5% of
the NaCl-rich solution was used, the calcined product of
Mg,B,05 nanowhiskers coexisted remarkably with the
Mg;(BO;), phase (PDF No. 75-1807, Figure S(a;,b)). When
100% of the NaCl-rich solution was used, the product was
Mg,B,0; nanowhiskers containing less Mg;(BO;), (Figure
5(ayc)). The formation of the impurity phase Mg;(BO;),
should be attributed to the introduction of Mg** originated
from the NaCl-rich solution. To obtain a higher purity calcined
product, some necessary H;BO; was introduced before
calcination. When 25% of the H3;BO; based on that used
before the hydrothermal synthesis was added, the product still
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contained Mg;(BO;), (Figure 5(a;,d)). Whenever the amount
of H;BO; was further increased to 50% (Figure 5(a,e—g)), the
calcined products became a uniform pure phase of Mg,B,O;
(PDF No. 86-0531) nanowhiskers with a length of 120—3000
nm (Figure S2(a, ), Supporting Information), a diameter of 40—
160 nm (Figure S2(a,), Supporting Information), and an aspect
ratio of 2—34 (Figure S2(a;), Supporting Information). The
length, diameter, and aspect ratio of the as-obtained Mg,B,O;
nanowhiskers derived from the present green hydrothermal
route (200 °C, 12.0 h) could well be comparable to those
originated from the traditional hydrothermal synthesis (240 °C,
18.0 h).323436

In addition to additional H;BO; and the preseparated slurry
rich in NaCl, NP-9 was also employed as the surfactant in the
present thermal conversion so as to improve the dispersity of
the calcined product, similar to that found in the flux and
surfactant-directed facile thermal conversion synthesis of
hierarchical porous MgO.45 As shown in Figure S(e—g), the
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as-obtained pore-free Mg,B,05 nanowhiskers were dispersed
well, and no significant twin crystals were observed. Thus, the
presence of surfactant NP-9 improved the dispersity of the
calcined particles on one hand and also constrained the twin
crystal formation during the calcination on the other hand. The
HRTEM image (Figure S (g)) recorded from the red
rectangular region of the typical Mg,B,05 nanowhisker in
Figure S (f) reconfirmed the high crystallinity of the product.
The detected interplanar spacing of 0.63 nm corresponding to
the legible longitudinal lattice fringes was quite similar to the
standard value of (100) planes (0.60 nm), indicating the
preferential growth of the Mg,B,0; nanowhisker parallel to
(100) planes. This was in agreement with the preferential
growth along the [010] direction of those acquired by the
traditional hydrothermal-based thermal conversion.*”

Green Hydrothermal—-Thermal Conversion Formation
Mechanism of Mg,B,05; Nanowhiskers. Apparently,
preseparation of Cl~ and introduction of SO,*~, NaCl, and
NP-9 played significant roles on the formation of the high
aspect ratio, high crystallinity, and high dispersivity
MgBO,(OH)/Mg,B,0; nanowhiskers; the overall green hydro-
thermal—thermal conversion formation mechanism is depicted
in Figure 6. As shown, the sulfate and surfactant-directed green

hydrothermal

conversion
Mg;(OH)sCI-3H,0

]
(c) Promoted || Washing/
1D hydrothermal ||drying

(d) Grinding with
B ——
NaCl @+NP-9 9

Figure 6. Sulfate and surfactant-directed green hydrothermal—thermal
conversion formation of high aspect ratio, high dispersivity, pore-free
Mg,B,0;5 nanowhiskers. (a) Room-temperature coprecipitation of
MgCl,, H;BO;, and NaOH solutions and preseparation of CI™ led to
low crystallinity Mg;(OH);Cl-3H,0 with irregular morphology. (b)
During the hydrothermal phase conversion, selective adsorption of
SO, onto specific side surfaces of the originally formed 1D subunits
restrained the side growth to some extent. (c) Selective adsorption of
SO,* and continuous hydrothermal treatment (200 °C, 12.0 h)
promoted the preferential 1D growth along the axial direction,
resulting in high aspect ratio MgBO,(OH) nanowhiskers. (d)
Grinding the MgBO,(OH) nanowhiskers with the surfactant NP-9
and preseparated filtrate containing NaCl gave rise to the slurry
containing byproduct NaCl and NP-9 wrapped MgBO,(OH)
nanowhiskers. (e) Calcination of the formerly mixed slurry (700 °C,
2.0 h) and final washing and drying produced high aspect ratio pore-
free Mg,B,05 nanowhiskers with good dispersity.

hydrothermal—thermal conversion formation consisted of
several stages. First, the room-temperature coprecipitation of
MgCl,, H;BO; ,and NaOH solutions and preseparation of CI~
led to low crystallinity Mgy;(OH);Cl-3H,0 with irregular
morphology. Second, during the hydrothermal phase con-
version, the selective adsorption of SO,>” onto specific side
surfaces of the originally formed 1D subunits restrained the side
growth to some extent. Third, the selective adsorption of SO,*~
and continuous hydrothermal treatment (200 °C, 12.0 h)
promoted the preferential 1D growth along the axial direction,
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resulting in high aspect ratio MgBO,(OH) nanowhiskers.
Fourth, the grinding of the MgBO,(OH) nanowhiskers and the
surfactant NP-9 as well as preseparated filtrate containing NaCl
gave rise to the slurry containing byproduct NaCl and NP-9
wrapped MgBO,(OH) nanowhiskers. Finally, the calcination of
the formerly mixed slurry (700 °C, 2.0 h) and ultimate washing
and drying produced high aspect ratio pore-free Mg,B,O;
nanowhiskers with good dispersity.

Tyndall Effects and Optical Absorbance Properties of
MgBO,(OH) and Mg,B,0; Nanowhiskers. Dispersive
stability of the MgBO,(OH) and Mg,B,0; nanowhiskers was
evaluated via the Tyndall effect, as shown in Figure 7. When

Figure 7. Tyndall effect of the MgBO,(OH) nanowhiskers (a;b;)
hydrothermally synthesized at 200 °C for 12.0 h with the molar ratio
of SO,*":Mg** = 0.0125 and corresponding Mg,B,05 nanowhiskers
(ayb,) calcined at 700 °C for 2.0 h in the presence of 100% of the
preseparated solution rich in NaCl and an additional 50% H;BO; and
NP-9, both of which were dispersed in ethanol for ultrasonical
treatment and then were kept standing for 15 min (a;,2,) or 10 days

(by,b,).

dispersed in ethanol for hydrothermal treatment and kept
standing for 15 min, both solvents containing MgBO,(OH)
nanowhiskers (Figure 7(a;)) and Mg,B,O; nanowhiskers
(Figure 7(a,)) demonstrated a typical Tyndall effects, as
illuminated by a red laser indicator. The straight and narrow
light path indicated the as-prepared systems were of colloidal
characteristic with fine nanowhiskers with relatively uniform
size distribution and also good dispersion. In contrast, both
systems became a little turbid after standing for 10 days, and
the Tyndall effects were also obvious with the light paths
slightly dispersed at the ends (Figure 7(by,b,)). The Tyndall
effects revealed the good dispersion and satisfactory stability of
the present MgBO,(OH) and Mg,B,0; nanowhiskers within
ethanol, which further suggested potential good compatibility
when the as-obtained nanowhiskers are employed in the future
as enforcements for polymers such as resins, plastics, rubbers,
and so on.

Figure 8 shows the UV—vis spectra of the MgBO,(OH)
nanowhiskers (a;,b;) and corresponding Mg,B,O; nano-
whiskers (a,b,) dispersed in ethanol (a;,a,) or directly in the
solid state (by,b,). When dispersed in ethanol, MgBO,(OH)
nanowhiskers did not demonstrate distinct absorption within
the whole wavelength range (300—900 nm), revealing good
transparency from the near-ultraviolet to near-infrared region.
This was quite similar to the transparent characteristic of the
Ba;B40y(OH), nanorods and f-BaB,O, nanospindles,*® also
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Figure 8. UV—vis spectra of the MgBO,(OH) nanowhiskers (a;,b;) hydrothermally synthesized at 200 °C for 12.0 h with the molar ratio of
SO,*:Mg** = 0.0125,and corresponding Mg,B,05 nanowhiskers calcined at 700 °C for 2.0 h in the presence of 100% of the preseparated solution
rich in NaCl and an additional 50% H;BO; and NP-9 (ayb,), both of which were dispersed in ethanol (a;,a,) or directly in the solid state (by,b,).

analogous to the Ca,B,04-H,0/Ca,B,0; nanobelts.*” In
contrast, Mg,B,0s nanowhiskers exhibited a weak absorption
within the near-infrared region of 800—850 nm. When
measured directly in the solid state, both MgBO,(OH)
nanowhiskers and Mg,B,0; nanowhiskers demonstrated weak
absorption within the near-ultraviolet region (260—350 nm) as
well as the visible light range (400—450 nm).

B CONCLUSIONS

The uniform and pore-free Mg,B,0; nanowhiskers (length:
120—3000 nm, diameter: 40—160 nm, aspect ratio: 2—34) were
successfully synthesized via a novel, green, noncorrosive, easy
scale-up hydrothermal (200 °C, 12.0 h) route-based thermal
conversion (700 °C, 2.0 h), using MgCl,, H;BO;, and NaOH
as the raw materials. Specifically, the room-temperature
coprecipitation of the reactants led to low crystallinity
Mg;(OH);Cl-3H,0 first, which was transferred for hydro-
thermal conversion after a preseparation of the filtrate rich in
NaCl to avoid corrosion of Cl7, and then some necessary
amounts of H;BO;, NaOH, and Na,SO, were added, resulting
in uniform MgBO,(OH) nanowhiskers (length: 500—3000 nm,
diameter: 10—70 nm, aspect ratio: 10—80). The as-obtained
MgBO,(OH) nanowhiskers were subsequently calcined to
further form high crystallinity Mg,B,0Os nanowhiskers, assisted
by NP-9 as well as byproduct NaCl, which was derived from the
preseparated filtrate. The present novel hydrothermal synthetic
route to MgBO,(OH) nanowhiskers was performed at
distinctly mild conditions, 40 °C lower than previous work.
Most importantly, the as-obtained nanowhiskers could be
comparable to those synthesized by the previous high-
temperature hydrothermal process in terms of length and
aspect ratio. This definitely indicated that the present synthetic
route to MgBO,(OH)/Mg,B,05 nanowhiskers had green
characteristics, such as energy savings, no need of additional
abundant flux, reduction and reuse of byproducts (filtrate rich
in NaCl), noncorrosiveness to the hydrothermal apparatus, and
easy commercial scale-up. The introduction of trace amounts of
Na,SO, and NP-9 was for promoting the 1D preferential
hydrothermal growth of MgBO,(OH) nanowhiskers and
improving the dispersion of the calcined Mg,B,0O; nano-
whiskers, respectively. The as-developed strategy was believed
to be a feasible and an operable solution to the bottleneck of
the scale-up and future commercialization of the hydro-
thermal—thermal conversion process for the high crystallinity
and high aspect ratio MgBO,(OH)/Mg,B,05 nanowhiskers,
which was not only enlightening for hydrothermal scale-up of

other nanostructures, especially the chlorate-participated
system in academia and industry, but also could contribute to
sustainable development.

B ASSOCIATED CONTENT

© Supporting Information

Size distribution of the MgBO,(OH) nanowhiskers hydro-
thermally synthesized at 200 °C for 12.0 h in the presence or
absence of sulfate (Figure S1) and size distribution of the
corresponding Mg,B,0; nanowhiskers calcined at 700 °C for
2.0 h in the presence of 100% of the preseparated solution rich
in NaCl, additional S0% H;BO;, and NP-9 (Figure S2). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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