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ABSTRACT: Hydrothermal synthesis (and other soft chemistry based thermal conversion routes) has emerged as one of the
thriving methods for high quality one-dimensional (1D) nanostructures. However, it is still a great challenge to repair the pores
and preserve the 1D morphology during the thermal conversion. The effects of the heating procedures, especially the flux agent
on the calcined Mg2B2O5 nanowhiskers based on the hydrothermally synthesized MgBO2(OH) nanowhiskers, have been
investigated. By using the CCD camera aided in situ dynamic observation, the thermal decomposition of MgBO2(OH)
nanowhiskers is discovered for the first time. With the dehydration going on, pores are generated, coalesced, ruptured, migrated,
and finally evaporated out of the bulk of the nanowhiskers. Meanwhile, the molten flux agent penetrates into the bulk of the
nanowhiskers through the microchannels exposed onto the surfaces and further flows to each point to which the pores migrate.
During the recrystallization, the flux is extruded out to the surfaces and finally washed out via post-treatment. The flux agent
serves as the ideal liquid medium for the rearrangement of Mg2B2O5, through which the pores formed during the dehydration
are repaired and the overall 1D morphology is preserved. This is helpful to further understand the fantastic formation and thus
contributes to the state-of-the-art controllable synthesis of pore-free high crystallinity 1D anhydrous nanostructures via the
hydrothermal or other soft chemistry based thermal conversion routes.
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MgO nanorods23 and Al2O3 nanorods,24 etc., pores, severe
deformation, and even rupture generally occurred in the
thermal conversion process due to the dehydration or devolatilization.23,25-27 Up to now, many efforts have been made
to improve the 1D morphology and crystallinity of the calcined
products. For example, sintering at low temperature25-27,31
and adaptation of the multistep heating procedure23 could
reduce the deformation and further rupture, and addition of
the NaCl flux and nonyl phenyl ether could promote 1D
growth of the nanostructures with good dispersion.29 It is
however, still a challenge to avoid deformation and degradation of the crystallinity of the calcined product due to the pores
generated from the elimination of the volatile components.23,24,26 Up to now, limited work was focused on such
generally encountered issues, whereas focus was given to extremely tough issues such as how to repair the pores and preserve the morphology during the soft chemistry based thermal
conversion route to high crystallinity 1D nanostructures.
Magnesium borates 1D nanostructures (e.g., MgB4O7
nanowires,6 Mg3B2O6 nanotubes7 and nanobelts,8 Mg2B2O5
nanowires,9,10,32 nanorods33,34 and whiskers15,35) have been
paid much attention in recent years for their potential applications as reinforcements in electronic ceramics,6 wide band gap
semiconductors,9 antiwear additives,10 and plastics or aluminum/magnesium matrix alloys.36 Traditionally, 1D nanostructured magnesium borates were prepared via the CVD6-10
or MSS route15,32,35 at high temperature, such as 8501250 °C, or via the solution-based method under supercritical
conditions.34,37 Although 1D Mg2B2O5 nanostructures synthesized by the above methods exhibited high crystallinity,
problems such as high energy consumption, the existence
of particulate agglomerates,6,8,15,35 and relatively rigorous
experimental conditions7,9,37 still needed to be solved. In our
previous work, pore-free Mg2B2O5 nanowhiskers have been
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1. Introduction
One-dimensional (1D) nanostructures with tube, wire, rod,
and beltlike morphology have been a highlight of intensive
research in the past two decades, for their unique structures,
novel properties, and great potential applications.1-4 Among
the varieties of synthetic techniques developed for 1D nanostructures, chemical vapor deposition (CVD) has been widely
used for the versatile synthesis of metal oxide nanowires.5-10
However, CVD also faces problems such as high energy
consumption, difficulty in scaling-up, broad size distribution,
and nonuniform morphology of the products.5,11-14 Comparatively, molten salt synthesis (MSS) has also been widely
used for preparing ceramic powders with whisker, needle, and
platelike morphology; nevertheless, MSS exhibits high energy
consumption and generally leads to microscale materials.15 In
the past decade, hydrothermal technology has emerged as a
thriving method for the 1D nanostructures, owing to its
advantages over CVD and MSS, such as energy saving, better
control of nucleation and shape, and low temperature of
operation, etc.12,16-22 However, hydrothermal synthesis readily leads to 1D hydroxyl or hydrated compounds; the subsequent calcination/anneal is usually needed to obtain the 1D
anhydrous compound, e.g. oxides.18-21,23-28
1D nanostructured transition and rare earth metal oxides
such as Co3O4 nanorods,29 Tb4O7 and Y2O3 nanotubes,25
Dy2O3 nanotubes,30 and MnO2/Mn2O3/Mn3O4 nanorods31
with well preserved 1D morphology and high crystallinity
have been synthesized via the calcination of the corresponding
1D precursors, due to the relatively low decomposition temperature and the characteristics of the transition and rare
earth metal compounds. Nevertheless, in more cases, such as
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Figure 1. Typical heating procedures employed in the thermal
conversion of MgBO2(OH) nanowhiskers: (a) general heating
procedure (GH, 700 °C, 10.0 °C min-1); (b) general multistep
aging heating procedure (GMSAH, 650 °C, 1.0 °C min-1); (c)
optimized multistep aging heating procedure (OMSAH, 700 °C,
1.0 °C min-1); (d) multistep heating procedure without aging
(MSH, 700 °C, 1.4 °C min-1).

obtained via the flux assisted thermal conversion route21,38 on
the basis of the hydrothermal formation of the 1D MgBO2(OH) nanostructures.39,40 However, the flux assisted thermal
conversion was still hard to control: why and how the flux
agent could play such a crucial role was still unclear.
In addition to magnesium borates, other hydrated borates/
borides, such as Ba3B6O9(OH)6 nanorods41 and Ca2B2O5 3
H2O nanobelts,42 have also been obtained, which, however,
suffered from the same problems as morphology preservation
in the subsequent thermal conversion. Based on the wide
applications of borates/borides and generally encountered
tough issues, in this contribution we focused on how to repair
the pores and preserve the morphology in the thermal conversion strategy for synthesizing 1D anhydrous nanostructures, taking the widely concerned borates/borides, or magnesium borates exactly, as examples. We report the detailed and
systematic influences of heating procedures on the calcined
product, and we discover the thermal decomposition of the
MgBO2(OH) nanowhiskers by using a CCD camera aided
in situ observation for the first time, based on which a fluxassisted pore repair and morphology preservation mechanism
is thoroughly elucidated. The present case is helpful for
further understanding the fantastic flux assisted thermal conversion from 1D hydrous compound precursors to pore-free
high crystallinity 1D anhydrous compound nanostructures,
on the basis of the hydrothermal or other soft chemistry based
routes.
2. Experimental Section
MgBO2(OH) nanowhiskers were first synthesized by the room
temperature coprecipitation of MgCl2 (2 mol L-1), H3BO3 (3 mol
L-1), and NaOH (4 mol L-1) solutions with the molar ratio of Mg/B/
Na of 2:3:4, followed by the hydrothermal treatment of the resultant
slurry at 240 °C for 18.0 h.22 The dried hydrothermal product derived
from the filtration of the hydrothermal slurry, showered with or
immersed in saturated NaCl solution or even without additional
washing, was then transferred into a porcelain boat located in a
horizontal quartz tube furnace, heated to 650-700 °C (1.0-10.0 °C
min-1), and kept in an isothermal state for 2.0 h. Four typical heating
procedures during the thermal conversion were employed to evaluate
the corresponding effects on the calcined product, as shown in Figure 1:
i.e. the general heating procedure (abbreviated as GH, 700 °C,
10.0 °C min-1, Figure 1a), the general multistep aging heating
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procedure (abbreviated as GMSAH, 650 °C, 1.0 °C min-1, Figure 1b),
the optimized multistep aging heating procedure (abbreviated as
OMSAH, 700 °C, 1.0 °C min-1, Figure 1c), and the multistep heating
procedure without aging (abbreviated as MSH, 700 °C, 1.4 °C min-1,
Figure 1d). After the thermal conversion, the samples were cooled
down to room temperature naturally within the tube furnace, then
collected, washed with distilled water, and finally dried at 105 °C for
12.0 h. In the extensive experiments, NaOH was substituted by KOH
as the reactant, keeping other conditions unchanged; for the washed
pure phase of MgBO2(OH) nanowhiskers derived from MgCl2 and
the H3BO3 and NaOH system, the MgCl2 solution was employed for
immersion so as to be deposited onto the surfaces of the nanowhiskers. Thus, the possible effects of flux agent, such as KCl and MgCl2,
were evaluated.
The structure of the samples was identified with the X-ray powder
diffractometer (XRD, D8-Advance, Bruker, Germany) using Cu
KR radiation (λ = 1.54178 Å), with a fixed power source (40.0 kV,
40.0 mA) and an aligned silicon detector. The morphology, microstructure, and composition of the samples were examined with a field
emission scanning electron microscope (SEM, JSM 7401F, JEOL,
Japan), operated at an accelerating voltage of 1.0 kV, and a high resolution transmission electron microscope (TEM, JEM-2010, JEOL,
Japan), at an accelerating voltage of 120.0 kV, equipped with a charge
coupled device (CCD) camera (Orius SC 1000, Gatan, USA). The
relative content of Naþ in the samples was analyzed with an inductively coupled plasma optical emission spectrometer (ICP-OES, IRIS
Intrepid II XSP, Thermo Elemental, USA). The size distribution of
the nanowhiskers was estimated by direct measurement of about
200 particles from the typical SEM images. The N2 adsorptiondesorption isotherms were measured at 77 K using a chemisorptionphysisorption analyzer (Autosorb-1-C, Quantachrome, USA) after
the samples had been outgassed at 300 °C for 60 min. The specific
surface area was calculated from the adsorption branches in the
relative pressure range 0.05-0.25 using the multipoint BrunauerEmmett-Teller (BET) method, the pore size distribution was evaluated from the nitrogen adsorption isotherm using the BarrettJoyner-Halenda (BJH) method, and the total pore volume was
calculated for pores with diameter less than a specific value at P/P0
ca. 0.9938. The chemical bonds in the molecules of the calcined
products were determined by the Fourier transform infrared spectrum (FT-IR, NEXUS 670, Nicolet, USA), and the same amounts of
the samples and KBr were employed for various product comparisons (mass ratio, Mg2B2O5/KBr ≈ 1:200).

3. Results and Discussion
3.1. Heating Procedures and Hydrous 1D Nanostructures
Employed. Since an excessively high calcination temperature
and high heating procedure would worsen the deformation
and even lead to the rupture of the calcined product during
the thermal conversion of the hydrated 1D precursors,23,28
temperatures within the range 650-700 °C under various
heating procedures were selected for the thermal conversion
route to Mg2B2O5 nanowhiskers, as shown in Figure 1. The
GH procedure with a heating rate of 10.0 °C min-1
(Figure 1a) was first used for the thermal conversion of the
uniform MgBO2(OH) nanowhiskers (Figure 2a and Figure
S1a of the Supporting Information, diameter: 20-50 nm;
length: 0.5-3 μm), leading to Mg2B2O5 nanorods (Figure 2b,
Figure S1b, diameter: 25-50 nm; length: 0.2-0.8 μm) with
multitudinal pores and rough surfaces (Figure 2c). The preliminary calcination test definitely indicated the necessary
improvement of the calcination process.
The GMSAH procedure (Figure 1b, final constant calcination temperature 650 °C) and the OMSAH procedure
(Figure 1c, final constant calcination temperature 700 °C)
were designed during the thermal conversion of the hydrothermally synthesized MgBO2(OH) nanowhiskers. The former relatively low temperature was intended to reduce the
deformation or rupture of the calcined 1D nanostructures,
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Figure 2. SEM images (a, b) and TEM image (c) of the hydrothermally synthesized MgBO2(OH) nanowhiskers (a) and calcined Mg2B2O5
nanowhiskers (b, c) via the GH procedure. Hydrothermal treatment: Mg/B/Na = 2:3:4, 240 °C, 18.0 h.
Table 1. MgBO2(OH) Nanowhiskers Employed for the Synthesis of Mg2B2O5 Nanowhiskers and Corresponding Content of Naþ
MgBO2(OH)
nanowhiskers

treatment before
calcination

MBOH-1
MBOH-2
MBOH-3
MBOH-4
MBOH-5

thoroughly washed
thoroughly washed
unwashed
showered with saturated NaCl
immersed in saturated NaCl

content of Naþ within
heating
treated MgBO2(OH)
nanowhiskers, wt % procedures

15.83
3.89
8.25

and the latter relatively high temperature was intended to
improve the crystallinity of the newly formed Mg2B2O5
phase via the recrystallization at ca. 664 °C.28 Since the presence of NaCl was favorable for the formation of the porefree Mg2B2O5 nanowhiskers,38 MgBO2(OH) nanowhiskers
(denoted as MBOH-1-5) pretreated via various washing
modes were employed for the synthesis of Mg2B2O5 nanowhiskers. The corresponding contents of Naþ within the
treated MgBO2(OH) nanowhiskers were summarized in
Table 1. The thoroughly washed MgBO2(OH) nanowhiskers
(i.e., MBOH-1,2) were directly converted into Mg2B2O5
nanowhiskers by either the GMSAH or OMSAH procedure,
in the absence of the byproduct flux agent NaCl. In contrast,
the unwashed MgBO2(OH) nanowhiskers (i.e., MBOH-3,
content of Naþ: 15.83%) or those showered with (i.e.,
MBOH-4, content of Naþ: 3.89%) or immersed in (i.e.,
MBOH-5, content of Naþ: 8.25%) saturated NaCl solution
were also converted into Mg2B2O5 nanowhiskers via the
OMSAH procedure, assisted by the flux agent NaCl.
3.2. Calcined Anhydrous 1D Nanostructures Derived from
Various Heating Procedures. As shown in Figures 3 and 4,
different heating procedures have led to various crystal phases with certain crystallinity and microstructures. The Mg2B2O5 nanowhiskers derived from the thoroughly washed
sample MBOH-1 via the GMSAH procedure (Table 1,
Figure 3a) and those derived from the thoroughly washed
sample MBOH-2 by the OMSAH procedure (Table 1, Figure 3b)
were mainly composed of triclinic Mg2B2O5 (PDF No. 732232), a trace amount of monoclinic Mg2B2O5 (PDF No. 860531), and Mg3(BO3)2 (PDF No. 33-0858). Distinctively,
compared with the GMSAH procedure, the OMSAH procedure resulted in higher crystallinity Mg2B2O5 nanowhiskers, owing to the recrystallization within the temperature
range 650-700 °C.28,43 In contrast, the Mg2B2O5 nanowhiskers obtained from the unwashed sample MBOH-3 by the

GMSAH
OMSAH
OMSAH
OMSAH
OMSAH

calcined product
porous nanowhiskers
nanowhiskers with few pores
pore-free nanowhiskers
pore-free short nanorods
pore-free longer nanorods

total pore
specific surface
area (m2 g-1) volume (cc g-1)
62.5
54.2
16.2

1.470
1.353
0.114

Figure 3. XRD patterns of the Mg2B2O5 nanowhiskers derived
from the GMSAH (a), OMSAH (b), and flux assisted OMSAH
(c) procedures.

OMSAH procedure (Table 1, Figure 3c, i.e. flux assisted
OMSAH) consisted of pure phase of monoclinic Mg2B2O5
(PDF No. 86-0531). SEM and TEM images of the product
showed that the Mg2B2O5 nanowhiskers originated from
the sample MBOH-1 via the GMSAH procedure exhibited
uniform 1D morphology whereas with porous structure
(Figure 4a), and the Mg2B2O5 nanowhiskers derived from
the sample MBOH-2 by the OMSAH procedure contained
1D morphology however with fewer pores (Figure 4b).
Strikingly, the Mg2B2O5 nanowhiskers obtained from the
sample MBOH-3 via the flux assisted OMSAH procedure
revealed uniform 1D morphology with well-defined facets
and also pore-free structure (Figure 4c).
Figure 5 indicates the pore size distribution and FT-IR
spectra of the Mg2B2O5 nanowhiskers derived from the
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Figure 4. SEM (a1, b1, c1) and TEM (a2, b2, c2) images of the Mg2B2O5 nanowhiskers derived from the GMSAH (a1, a2), OMSAH (b1, b2), and
flux assisted OMSAH (c1, c2) procedures.

various heating procedures. No obvious adsorption of N2
was detected for the Mg2B2O5 nanowhiskers originated from
the GMSAH (Figure 5a1), OMSAH (Figure 5a2), and flux
assisted OMSAH (Figure 5a3) procedures within the pore
diameter range of 15 nm. The remarkable increase in the
adsorbance of N2 for the Mg2B2O5 nanowhiskers derived
from the GMSAH (Figure 5a1) and OMSAH (Figure 5a2)
procedures was attributed to the mesopores and macropores
formed by the stack of the nanowhiskers, when the pore
diameter was greater than 20 nm, especially when it was
greater than 50 nm. Comparatively, no distinct adsorption of
N2 was detected for the nanowhiskers originated from the
flux assisted OMSAH procedure (Figure 5a3), even when the
pore diameter reached 200 nm, which was attributed to the
relatively thicker diameter and good dispersion of the nanowhiskers. Meanwhile, the local details showed that there
existed a slight adsorbance of N2 for the nanowhiskers originated from the GMSAH procedure (Figure 5a1) within the
diameter range 2-15 nm, indicating the existence of irregular
pores within the body of the nanowhiskers (Figure 4a). In
addition, the slighter adsorbance of N2 for the nanowhiskers
derived from the OMSAH procedure (Figure 5a2) revealed
that fewer pores existed within the nanowhiskers (Figure 4b).
In addition to the evolution of the adsorption of N2 for the
nanowhiskers obtained from GMSAH to OMSHA to flux
assisted OMSAH procedures, the specific surface area changed from 62.5 to 54.2 to 16.2 m2 g-1, and the total pore

volume changed from 1.470 to 1.353 to 0.114 cc g-1, respectively. This reconfirmed the reduction of the pores within the
microstructures of the Mg2B2O5 nanowhiskers (Figure 4a2,
b2, c2).
On the other hand, GMSAH (Figure 5b1) and OMSAH
(Figure 5b2) procedures led to Mg2B2O5 nanowhiskers of
similar FT-IR spectrum, in the absence of flux agent. Comparatively, in the presence of flux agent, the Mg2B2O5
nanowhiskers (Figure 5b3) exhibited much stronger transmission bands within the same wavenumber range (1600500 cm-1) compared to those for the nanowhiskers originated from the GMSAH and OMSAH procedures, probably
due to the relatively higher crystallinity of the Mg2B2O5
nanowhiskers via the flux assisted OMSAH procedure
(Figure 3c). Karakassides et al. also found a similar phenomenon in the infrared study of magnesium borate gels that the
characteristic absorption bands of magnesium borate gels
became sharper and the corresponding intensity exhibited
higher with the increase in the crystallinity of the gels.44
According to the FT-IR spectroscopic study results of hydrated borates,45 the characteristic bands at 3450 and 2929 cm-1
were attributed to the stretching of O-H of the absorbed
water, the band at 1498 cm-1 was ascribed to the asymmetric
stretching of B(3)-O, the bands at 1292 and 1184 cm-1 were
due to the in-plane bending of B-O-H, and the bands at
1026 and 839 cm-1 corresponded with the asymmetric and
symmetric stretching of B(4)-O, respectively. The bands at
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Figure 5. Pore size distribution (a) and FT-IR spectra (b) of the
Mg2B2O5 nanowhiskers derived from the GMSAH (a1, b1), OMSAH (a2, b2), and flux assisted OMSAH (a3, b3) procedures. Specific
surface area (m2 g-1): (a1) 62.5; (a2) 54.2; (a3) 16.2. Total pore
volume (cc g-1): (a1) 1.470; (a2) 1.353; (a3) 0.114.

713 and 681 cm-1 were attributed to the out-of-plane bending of B(3)-O, the band at 610 cm-1 was ascribed to the symmetric pulse vibration of [B2O5]4-, the band at 543 cm-1 was
due to the bending of B(3)-O and B(4)-O. The strongest
vibrational bands were located at 1498 and 1184 cm-1, in
agreement with the literature results.44
3.3. High Crystallinity 1D Nanostructures Derived from the
Flux Assisted Thermal Conversion. The presence of the flux
agent NaCl could favor the formation of pore-free magnesium borate nanowhiskers;38 however, why the flux agent
could play such a role still needed further investigation. As is
known, the viscosity and temperature of the molten salt
comply with the following exponential relationship:46
η ¼ A exp½Eη =RT

ð1Þ

where η is the viscosity, T is the absolute temperature, Eη is
the viscous activation energy, R is the gaseous constant, and
A is the coefficient. The formula clearly showed that the
viscosity of the molten salt decreased with increasing temperature. However, does this mean that the lower the viscosity or the higher the calcination temperature, the better
will be the effect obtained for the calcined product? As shown
in Figure S2, when calcined via the OMSAH procedure at
800 °C for 2.0 h, the product consisted of a pure phase of
monoclinic Mg2B2O5 (PDF No. 86-0531) with high crystallinity and no pores (Figure S2a), having, however, an
irregular 1D morphology, a thicker diameter, and, especially, a remarkably broader distribution of the length as well
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as the diameter (Figure S2b) than those calcined at 700 °C
via the same OMSAH heating procedure (Figure 4c1,c2).
The overall, especially bulk, NaCl completely melted at
high temperature, such as 800 °C, and the molten NaCl led
to the severe attached and coalesced growth and finally
resulted in broader size distribution of the sample particles.
Thus, excessively high calcination temperature should be
avoided.
Influences of the introduction modes of NaCl on the
composition and morphology of the products are showed
in Figure S3. Filtration cakes composed of typical MgBO2(OH) nanowhiskers (PDF No. 39-1370) were showered with
saturated NaCl solution (Figure S3a1), and for comparison,
the dried pure phase of MgBO2(OH) nanowhiskers was
immersed in saturated NaCl solution (Figure S3a2). The
showered MgBO2(OH) nanowhiskers (content of Naþ:
3.89 wt %) and immersed MgBO2(OH) nanowhiskers (content of Naþ: 8.25 wt %) were individually calcined via the
OMSAH procedure, leading to somewhat short rodlike
Mg2B2O5 nanostructures (PDF No. 86-0531) accompanied
by some amount of byproduct Mg3(BO3)2 (PDF No. 330858) (Figure S3b1 and c1) and pure phase of Mg2B2O5
nanowhiskers with relatively higher aspect ratio and uniform
size (Figure S3b2 and c2), respectively. It was clear that,
compared with shower, soakage was more favorable for the
deposition of NaCl onto the surfaces of MgBO2(OH) nanowhiskers and, thus, resulted in higher crystallinity Mg2B2O5
nanowhiskers (Figure S3a2 and b2).
As shown in Figure S4, when KOH was substituted for
NaOH as the reactant, the unwashed MgBO2(OH) nanowhiskers would contain block KCl (PDF No. 41-1476,
Figure S4a1 and b1), and the calcined product consisted of
pore-free monoclinic Mg2B2O5 nanowhiskers (Figure S4a2
and b2). The as-synthesized Mg2B2O5 nanowhiskers exhibited relatively shorter length and lower aspect ratio than
those obtained via the same OMSAH heating procedure by
using NaOH as the reactant, probably due to the corresponding as-obtained relatively shorter MgBO2(OH) nanowhiskers (Figure S4b1) compared to those acquired by using
NaOH as the raw material (Figure S4c1). In contrast,
calcination of the MgBO2(OH) nanowhiskers previously
immersed in MgCl2 solution resulted in a mixture containing
various crystalline phase Mg3(BO3)2 (PDF No. 33-0858 and
75-1807) and MgO (PDF No. 87-0652) (Figure S4a3). The
morphology was dominantly 1D short rods and quasi-spherical particulates (Figure S4c2). When using MgCl2 as the
flux agent, pore-free monoclinic Mg2B2O5 nanowhiskers
failed to be formed via the recrystallization of the porous
Mg2B2O5 originated from the dehydration of MgBO2(OH)
nanowhiskers. Objectively, the corresponding dehydration
led to the formation of Mg3(BO3)2 of unknown crystal
system (PDF No. 33-0858):
3Mg2 B2 O5 ðsÞ f 2Mg3 ðBO3 Þ2 ðs, crystal system unknownÞ
þ B2 O3 ðsÞ

ð2Þ

as well as orthorhombic Mg3(BO3)2 (PDF No. 75-1807) and
MgO (PDF No. 87-0652):
2Mg2 B2 O5 ðsÞ f Mg3 ðBO3 Þ2 ðs, orthorhombicÞ
þ MgOðsÞ þ B2 O3 ðsÞ

ð3Þ

Thus, existence of the flux agent with an appropriate
melting point around the recrystallization temperature range
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Figure 6. Morphology (a-c) and microstructure (a1, b1, d-f) of the calcined Mg2B2O5 nanowhiskers via the MSH procedure, derived from the
MgBO2(OH) nanowhiskers which were showered with saturated NaCl solution (a, a1) or simply without washing (b, b1, c-f) after the
hydrothermal treatment. (a, b, b1) SEM images; (a1, c-f) TEM images.

of the porous structures (i.e., 650-700 °C for Mg2B2O540,43)
was a requisite for the formation of pore-free high crystallinity nanostructures. For the present Mg2B2O5 case, NaCl
could meet such qualifications, which can be replaced by KCl
for the pore shrinkage and further elimination. As a matter
of fact, besides NaCl and KCl, a binary component molten
salt consisting of NaCl, KCl, NaOH, or KOH can fulfill the
need for the formation of pore-free Mg2B2O5 nanowhiskers.
In contrast, NaCl is preferable, from the cost point of view.
Notably, when no flux agent was used, both the relatively
low heating rate and OMSAH procedure were favorable for
the generation of the byproduct Mg3(BO3)2. Moreover, the
product was generally the mixture composed of triclinic
(PDF No. 73-2232) and monoclinic (PDF No. 86-0531)
phase Mg2B2O5.38 Apparently, NaCl, KCl, or another flux
agent enhanced the recrystallization and transformation of
the triclinic Mg2B2O5 to monoclinic Mg2B2O5 and also restrained the generation of the byproduct Mg3(BO3)2 and ultimately promoted the formation of pore-free high crystallinity pure phase monoclinic Mg2B2O5 nanowhiskers.

Since NaCl was crucial in the pore shrinkage and elimination during the formation of pore-free Mg2B2O5 nanowhiskers, a multistep heating (MSH) procedure without aging
was particularly designed to simplify the calcination process
so as to be more easily scaled up in the future, and the corresponding composition and morphology of the calcined Mg2B2O5 nanowhiskers were shown in Figure S5 and Figure 6,
respectively. Calcination of the MgBO2(OH) nanowhiskers
showered with saturated NaCl solution (content of Naþ:
3.89 wt %) led to 1D monoclinic Mg2B2O5 (Figure S5a)
nanoparticles with relatively short length, low aspect ratio,
and broad size distribution (Figure 6a), and no distinct pores
were observed (Figure 6a1). This was probably due to the
insufficient load of NaCl onto the surfaces of the MgBO2(OH) nanowhiskers, which failed to thoroughly promote the
recrystallization of Mg2B2O5 and finally caused the deformation and rupture of nanowhiskers. In contrast, calcination of the MgBO2(OH) nanowhiskers without washing
(content of Naþ: 15.83 wt %) resulted in uniform higher
crystallinity monoclinic Mg2B2O5 nanowhiskers (Figure S5b)
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with longer length, higher aspect ratio (Figure 6b), rectangular or polygonal cross section, and well-defined facets
(Figure 6b1), and no pores were observed (Figure 6c). It
was worth noting that the Mg2B2O5 nanowhiskers derived
from unwashed MgBO2(OH) nanowhiskers exhibited more
side by side coalesced growth phenomena (Figure 6c), in
accordance with the Mg2B2O5 nanowhiskers with side by
side coalesced and twin crystal structures calcined by the
OMSAH procedure.38
Figure 6c-f shows the microstructure of the Mg2B2O5
nanowhiskers derived from the MgBO2(OH) nanowhiskers
unwashed after hydrothermal treatment. Apparently, the
MSH procedure has brought Mg2B2O5 nanowhiskers with
uniform 1D morphology and no remanent pores and cavities
(Figure 6c). Nanowhisker I was coalesced by two individual
nanowhiskers of similar morphology and length, and nanowhiskers II and III also exhibited analogous side by side
coalesced growth phenomena. The high resolution TEM
images (Figure 6e and f) corresponding to the local sections
of nanowhiskers I and II (Figure 6c) revealed that high crystallinity Mg2B2O5 nanowhiskers could be obtained via the
flux assisted MSH procedure without multistep aging. Nanowhisker I contained two groups of legible lattice fringes
with interplanar spacings of 0.297 and 0.249 nm (Figure 6d),
quite similar to the standard values of the (300) and (212)
planes of the monoclinic Mg2B2O5 (PDF No. 86-0531), respectively. Obviously, nanowhisker I had a preferential
growth along the (300) planes. Meanwhile, the interplanar
spacings of 0.265 (Figure 6d and e) and 0.263 nm (Figure 6f)
within nanowhisker II were quite similar to that of the (104)
planes, indicating preferential growth of nanowhisker II
along the (104) planes. The Mg2B2O5 nanowhiskers have a
preferential growth along the (300) and (104) planes simultaneously, definitely indicating the preferential growth direction of the Mg2B2O5 nanowhiskers along the b axis, i.e. the
[010] direction, in accordance with the preferential growth of
the natural suanite (Mg2B2O5) along the b axis.47 The interplanar spacing of 0.254 nm in Figure 6e corresponded with
the standard value of the (210) planes. Besides, the HRTEM
images also revealed that the Mg2B2O5 nanowhiskers exhibited relatively higher crystallinity within the bulk of the
nanowhiskers, and the lattice fringes were impressively explicit and continuous. In contrast, there existed irregular
regions containing blurry and even broken lattice fringes
near to the surfaces of the nanowhiskers (Figure 6d-f),
owing to the incomplete recrystallization within the pores
or cavities originated from the dehydration. This phenomena
suggested that the thermal conversion of MgBO2(OH) first
led to porous quasi-amorphous Mg2B2O5,28 and the resultant pores and cavities might migrate toward the surfaces of
the nanowhiskers with the progress of the recrystallization.
In other words, the recrystallization of Mg2B2O5 nanowhiskers might have progressed from inner section to outer
section. Thus, the flux assisted MSH procedure without
multistep aging could be employed for the facile synthesis
of pore-free high crystallinity Mg2B2O5 nanowhiskers. However, an excessively fast heating rate should be avoided,28
which would cause severe deformation and even rupture of
the MgBO2(OH) nanowhiskers as a consequence of acute
dehydration. It was also notable that, within the irregular
regions as well as some near-surface areas of the calcined
nanowhiskers, there still existed some dislocations and stacking faults, denoted as red dotted-circle areas (Figure 6d-f)
and dotted-lines sections (Figure 6f), respectively.
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3.4. Pore Evolution of the Hydrous 1D Nanostructures
under Irradiation of the Electron Beam. In order to further
ascertain and understand the key role the flux agent, such as
NaCl or KCl, has played in the course of the formation of the
pore-free high crystallinity 1D nanostructures via the thermal conversion route, the thermal decomposition behavior
of the MgBO2(OH) nanowhiskers was in situ recorded with a
CCD camera on the TEM. Figure 7 shows the series of the
CCD camera captured images intercepted from the dynamic
video at various time intervals. It could be seen that the
selected MgBO2(OH) nanowhisker (diameter: ca. 23.33 nm)
contained legible lattice fringes along the longitudinal direction of the nanowhisker (Figure 7a). The interplanar spacing
of 0.663 nm was definitely assigned to that of the (200)
planes, and the slight broadening of the interplanar spacings
compared to the standard value was largely due to the expansion of the nanowhisker under the irradiation of the electron
beam. The lattice fringes became blurry when irradiated for
2 s (Figure 7b) and entirely blurry when irradiated for 11 s
(Figure 7c). With the electron beam irradiation going on,
individual pores began to emerge due to the dehydration
(Figure 7d), and the pores grew gradually due to the coalescence of the ambient newly formed micropores (Figure 7e)
and tended to move among the bulk of the nanowhisker
(Figure 7f). Simultaneously, the profile of the pores changed
from time to time, owing to the incorporation of guest pores
and even the split of host pores (Figure 7g-n). Sometimes,
the overgrown pores might expand across almost the whole
bulk of the nanowhisker and rupture into small ones,
very similar to the boiling phenomena within the tube
(Figure 7o-r). During the irradiation of the electron beam,
the surfaces of the nanowhisker also became porous, and the
pores migrated to surfaces would release some vapor to the
surroundings. At the same time, the recrystallization progressed when the temperature went up to 650-700 °C due to
long time irradiation. When irradiated for ca. 218 s, the bulk
of the nanowhisker became still, distinct big pores disappeared (Figure 7s), and mesopores ultimately remained
within the body of the nanowhisker (Figure 7t). The pore
evolution of the hydrous 1D nanostructures observed
here can well explain the pores discovered in other systems,
such as MgO nanorods,23 Al2O3 nanorods,24 and Ca2B2O5
nanogrooves.42
It was notable that the diameter of the nanowhisker varied
from the original 23.33 to 31.38 nm (33 s, Figure 7e), to 32.22
nm (71 s, Figure 7j), and to the final 33.97 nm (291 s,
Figure 7t). Strikingly, the diameter exhibited unevenness
from 33.13 to 35.81 nm during the turbulence of the pores
(100 s, Figure 7o) at the midterm irradiation period. A series
of episodes, such as formation of tiny pores, coalescence of
ambient pores, turbulence of overgrown pores, rupture of
big pores, migration of pores toward the surface, and final
evaporation of water out of the nanowhisker, mutually
depicted the dehydration of MgBO2(OH) nanowhiskers.
After long time irradiation (i.e., dehydration), although
some mesopores still existed, the overall 1D profile of the
nanowhisker was preserved (Figure 7t).
3.5. Flux Assisted Pore Repair and Morphology Preservation Mechanism. Porous structure evolution of the nanowhisker under irradiation of the electron beam (Figure 7) is
helpful to understand the effects of heating rate and calcination temperature on the calcination process. Both fast heating rate and high calcination temperature during the thermal
conversion of the hydrated 1D precursors lead to fast
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Figure 7. Pore evolution of the nanowhiskers under irradiation of the electron beam, captured from the CCD video recording the in situ TEM
observation on the thermal conversion from washed MgBO2(OH) nanowhiskers to Mg2B2O5 nanowhiskers. Scale bar: 5 nm. Irradiation time
(s): (a) 0; (b) 2; (c) 11; (d) 16; (e) 33; (f) 50; (g) 61; (h) 62; (i) 64; (j) 71; (k) 82; (l) 89; (m) 93; (n) 97; (o) 100; (p) 104; (q) 136; (r) 177; (s) 218; (t) 291.

generation of pores and vigorous turbulence of pores and
finally result in short 1D nanostructures with low aspect
ratio, broad size distribution, poor preserved morphology,
and even severe rupture in extreme cases. On the other hand,
the above phenomena reconfirm that the GMSAH or OMSAH procedure only leads to a porous structure without the
aid of flux agent (Figure 4a2 and b2). Although the in situ
TEM results presented here only showed the pore evolution
of the hydrous 1D nanostructures under the irradiation of
the electron beam and did not give “direct” information on
the role of the flux, we still believed that the in situ observed
pore evolution phenomena simulated the specific dehydration process in the real thermal conversion. Figure 7 and the
video in the Supporting Information first and mutually
in situ depicted the dehydration of MgBO2(OH) nanowhiskers,

which was an important aspect to increase our knowledge for
high crystallinity 1D anhydrous nanostructures synthesis via
the thermal conversion route.
And the flux assisted OMSAH (Figure 4c2) or MSH
procedure (Figure 6b-f) for pore-free high crystallinity
nanostructures can thus be more clearly elucidated, as shown
in Figure 8. Originally, the hydrous 1D nanostructure coexisted with the block flux agent (Figure 8a). With the temperature increasing, the flux agent gradually melts from the
fringe and the hydrous 1D nanostructure begins to dehydrate, leading to discrete pores (Figure 8b). With the dehydration process going on, pores coalesce into each other and
the molten flux readily penetrates into the pores located in
the bulk of the porous 1D nanostructure via the microchannels exposed to the surfaces (Figure 8c). The molten flux
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Figure 8. Flux assisted pore repair and morphology preservation mechanism during the thermal conversion route to pore-free high
crystallinity 1D nanostructures. (a) Original hydrous 1D nanostructure accompanied by block flux agent. (b) With the temperature increased,
flux agent gradually melted and the hydrous 1D nanostructure began to dehydrate, leading to discrete pores. (c) With the dehydration process
going on, pores coalesced into each other and the molten flux penetrated into the pores located in the bulk of the porous 1D nanostructure via
the microchannel exposed to the surfaces. (d) Molten flux agent flowed within the pores and further migrated with the aid of the migrating
pores. (e) With the temperature raised to specific point, the recrystallization process began, and the molten flux agent was extruded out to the
surfaces of the 1D nanostructure through the microchannels and the pores gradually shrank. (f) With the progress of the recrystallization, pores
were finally eliminated and the flux agent was also recrystallized out of the anhydrous 1D nanostructure during the cooling after thermal
conversion: red areas, flux; white areas within dotted lines, pores.

agent then flows within the pores and further migrates with
the migrating pores (Figure 8d). It can therefore be deduced
that, accompanied by the generation, coalescence, turbulence, rupture, migration, and evaporation of the pores within
the bulk phase of the nanowhiskers (Figure 7), the molten
flux reaches each point to which the pores move. When the
temperature goes up to a specific point, the recrystallization
process begins, and the pores gradually shrink while the
molten flux agent is gradually extruded out to the surfaces of
the 1D nanostructure through the microchannels (Figure 8e).
Finally, with the recrystallization progressing, the flux agent
is completely extruded out and recrystallized among the
anhydrous 1D nanostructures during the cooling process
after the thermal conversion, and the pores are ultimately
eliminated (Figure 8f).
The penetration of molten flux into the bulk of the porous
structure from external surfaces, as well as the extrusion of
the molten flux out of the bulk of the recrystallizing structure
from the internal section, reconfirm the recrystallization of
the porous nanostructures from inner to outer sections,
which generally leads to irregular regions containing blurry
and even broken lattice fringes near to the surfaces of the
nanostructures (Figure 6d-f) due to the incomplete recrystallization within the pores originated from the dehydration.
The recrystallized flux agent can be facilely washed out in the
final product purification. Apparently, the flux agent successfully serves as the necessary ideal liquid medium for the
rearrangement of the subunits of the porous anhydrous
nanostructures (such as Mg2B2O5 nanowhiskers here) during the recrystallization process, through which the pores
originated from dehydration are repaired and the 1D morphology is preserved. The flux assisted pore repair and
morphology preservation mechanism presented here can
also be applied to other borates/borides systems, such as
β-BaB2O4 nanospindles41 and Al4B2O9 and Al18B4O33 nanowires48 derived from the thermal conversion route.

4. Conclusions
In summary, the effects of the various heating procedures,
such as the general heating (GH) procedure, general multistep
aging heating (GMSAH) procedure, optimized multistep
aging heating (OMSAH) procedure, and multistep heating
(MSH) procedure without aging, on the Mg2B2O5 nanowhiskers derived from the hydrothermally synthesized MgBO2(OH) nanowhiskers have been investigated in detail. The flux
assisted OMSAH and MSH procedures were found favorable
for the formation of pore-free Mg2B2O5 nanowhiskers with
well preserved 1D morphology. By using the CCD camera
aided in situ dynamic observation, the thermal decomposition
of MgBO2(OH) nanowhiskers has been discovered for the
first time, based on which flux assisted pore repair and
morphology preservation mechanism during the thermal
conversion route to pore-free high crystallinity 1D nanostructures is thoroughly elucidated. During the dehydration, pores
are generated, coalesced, ruptured, migrated, and finally
evaporated out of the bulk of the nanowhiskers, with the
overall 1D morphology preserved. On the other hand, the
molten flux originated from the previously coexisted block
flux agent readily penetrates into the bulk of the nanowhiskers
through the microchannels exposed onto the surfaces of the
nanowhiskers and further flows to each point to which the
pores migrate. During the subsequent recrystallization, the
molten flux is extruded out to the surfaces and recrystallized in
the course of cooling and finally washed out via post-treatment. The flux agent successfully serves as the requisite ideal
liquid medium for the rearrangement of the subunits of the
porous Mg2B2O5 nanowhiskers during the recrystallization,
through which the pores originated from dehydration are
repaired and the 1D morphology is preserved. With the in situ
observation under TEM, the present case from MgBO2(OH)
nanowhiskers to pore-free Mg2B2O5 nanowhiskers is undoubtedly helpful for further understanding the fantastic
flux assisted thermal conversion route to pore-free high
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crystallinity 1D anhydrous nanostructures, based on the
hydrothermal or other soft chemistry based synthesis of 1D
hydrous precursors, and thus can contribute to the state-ofthe-art controllable synthesis of low dimensional anhydrous
nanostructured materials.
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