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Controllable synthesis of high aspect ratio Mg,B,0s nanowires and
their applications in reinforced polyhydroxyalkanoate composites*
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Highly pure magnesium borate (MgyB,05) nanowires with an average diameter of ~ 30 nm, an average length of
~ 15 pm, and a high aspect ratio of ~ 500 have been synthesized on a large scale via a two-step method. MgBO,(OH)
nanowires with high aspect ratios were first prepared via a PVP-assisted hydrothermal technique. Using these nanowires
as precursors, single crystalline Mg,B,Os nanowires were synthesized by post-annealing treatment at a relatively low
temperature of 700 °C. The important effect of the MgBO,(OH)-Mg,B,0Os5 conversion process on the morphology of the
Mg,B,05 nanowires was investigated and it was indicated that the recrystallization process plays an important role in the
protection of the one-dimensional (1D) nanostructure. Moreover, the rigidity and the toughness of the Mg, B,O5 nanowire-
reinforced PHA composites were tremendously improved compared to those of the pure PHA. Our results demonstrate the
effectiveness of Mg,B,0s nanowires for reinforcement applications in polymer composites.
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1. Introduction

Metal borate is one of the most important technical ce-
ramics owing to its interesting properties, such as high heat re-
sistance and corrosion resistance, superb mechanical strength,
superb insulation, and a high coefficient of elasticity.!!]
Among the various kinds of metal borates, the magnesium bo-
rate (Mg;B,0s) whisker has been considered to have promise
as a reinforcing component in composite material applications
due to its excellent mechanical properties, attractive thermal
properties, thermo-luminescent properties,!”! and good anti-
wear behavior.®] In recent years, there has been a great deal
of research in the use of MgyB,0Os5 whiskers to reinforce Mg
and Al matrix composites,* which has had considerable suc-
cess. It should be noted that the excellent mechanical prop-
erties of the MgyB>0Os5 whiskers also imply their promise as
a reinforcing additive for polymers. Polyhydroxyalkanoate
(PHA) is a class of natural polyesters and is currently under
extensive investigation. This kind of polyester can be biologi-
cally synthesized from bio-renewable feedstocks and is gener-
ally biodegradable and biocompatible.!>) However, the brittle
nature of the PHA polymers has hindered their development
in practical applications. Reinforcing PHA polymers by the
incorporation of Mg;B,O5 nanowires provides the possibility
to obtain composite materials with high mechanical strength.
However, the related study has not yet been initiated, and this
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presents a challenge.

Since reducing the size of whiskers into a nanometer scale
can greatly enhance their toughness and strength,®-®! one-
dimensional (1D) Mg;B,0Os nanostructures are considered to
be a better candidate to reinforce composites compared with
their micron-sized counterparts. It should be noted that the
novel properties of the 1D nanostructures greatly depend on
their morphologies and aspect ratios (length versus diame-
ter). Nanowires with high aspect ratios could be more ben-
eficial to strengthen the traditional materials. Therefore, the
controlled synthesis of high aspect-ratio Mg, B,O5 nanostruc-
tures has become an important focus for their development in
composite applications. So far, there has been great progress
in the synthesis of 1D Mg;B,0s nanostructures®?! based
on various synthetic routes, such as high-temperature sinter-
ing and chemical vapor deposition (CVD). For example, using
MgCl,-6H,O and NaBH, as starting materials, Li et al.!l*!
synthesized single-crystal Mg>B,0Os nanorods with diameters
of 200400 nm and lengths up to 5 um by a two-step pro-
cess involving a mechanochemical technique and sintering.
Yi et al.!'¥ synthesized large quantities of single crystalline
Mg>B,05 nanowires, with typical diameters of 120-180 nm
and lengths of 0.2 mm, through direct heating of a mixed
tablet of Mg(BO,), and graphite in vacuum at 1200 °C for
1 h. Compared with high-temperature sintering or CVD, the
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hydrothermal synthesis has shown some distinct advantages
for preparing uniform nanocrystals with high crystallinity and
high purity, such as the moderate experimental conditions

(15,161 preyi-

and the easy control of the process parameters.
ous studies have indicated that 1D Mg;B,0Os nanostructures
can be prepared at a relatively low temperature based on the
post-annealing of hydrothermally synthesized MgBO,(OH)
nanostructures.!'7-18 Zhu e al.1'%%1 reported the preparation
of Mg;B,05 nanowhiskers with diameters of 15.0—45.0 nm
and lengths of 0.2-2.0 um by a low-temperature anneal-
ing treatment at 650-700 °C using hydrothermally synthe-
sized MgBO,(OH) nanowires as precursors. However, break-
age was unavoidable during the thermal conversion from
MgBO,(OH) to Mg>B,0s nanowires. The authors?!! also
tried to directly synthesize Mg, B,0O5 by co-precipitation and
calcination at 800-900 °C for 2 h. However, they failed in
the synthesis of Mg,B,0s nanowires. To date, developing
a synthetic strategy to prepare high aspect-ratio Mg;B;0s5
nanowires at a low temperature is still a major challenge.

In this paper, we report pioneering large-scale prepara-
tion of uniform Mg;B,0Os nanowires with an aspect ratio as
high as ~ 500 based on a two-step method. MgBO,(OH)
nanowires with high aspect ratios were first prepared via a
polyvinylpyrrolidone (PVP)-assisted hydrothermal technique.
Then, by using the as-prepared MgBO,(OH) nanowires as pre-
cursors, single crystalline Mg>B,Os nanowires were synthe-
sized by post-annealing treatment at a relatively low temper-
ature of 700 °C. A detailed thermal conversion analysis was
performed that gave vital clues to understand the recrystalliza-
tion process from MgBO,(OH) to MgyB,0O5. The slower heat-
ing rate was critical to obtain high aspect ratio 1D Mg;B,0s5
nanowires in this process. Then, for the first time, the as-
prepared Mg>B,0O5 nanowires were used as an additive in
PHA polymers to form composites. A remarkable increase of
the rigidity and toughness of the composite has been obtained
by the addition of Mg;B,05 nanowires into PHA. Our results
have demonstrated the effectiveness of Mg>B,0O5 nanowires
for reinforcement applications in polymer composites.

2. Experimental details

Synthesis of MgBO,(OH) nanowires The starting ma-
terials of MgCl,, H3BO3;, NH4OH, and PVP were com-
mercial grade and used without further purification. MgCl,
(1.904 g) and H3BO;3 (1.855 g) were resolved in deionized
water (25 ml), and PVP (0-1.5 g) was added into the solu-
tion and stirred for 1 h. Then, NH4OH (10 ml) was carefully
sprayed into the solution and stirred for another 1 h to obtain
a slurry as the precursor. Subsequently, the slurry was put into
a Teflon-lined stainless steel autoclave. The slurry (precursor)
was heated at 220 °C for 24 h and cooled down to room tem-

perature. Finally the products were filtered and washed several
times with deionized water and dried at 120 °C for 12 h.

Synthesis of Mg>B,0s5 nanowires The as-prepared
MgBO,(OH) nanowires were placed in an alumina crucible
and used as the initial reaction constituent. The alumina cru-
cible was situated in an alumina tube and first heated at 360 °C
with different heating rates (1-10 OComin_l) for 4 h; it was
then heated (1-10 °C-min~") to 600 °C for another 4 h; finally,
it was heated (1-10 °C-min~") to 700 °C for another 4 h to re-
crystallize. All the thermal conversions were accomplished in
air using a traditional resistance heating furnace. The resultant
samples were then collected for characterization.

Synthesis of Mg;B,05 anowire-reinforced PHA First
2.4 mg Mg, B,05 nanowires were dispersed into 20 ml chloro-
form by stirring and ultrasound treatment for 1 h, respectively.
Then, 1.2 g PHA was put into the mixed solution and the stir-
ring was continued until a translucent and homogeneous col-
loidal solution was obtained at 50 °C. Finally, films with a
thickness of ~ 0.1 mm and diameter of ~ 10 cm were cast at
room temperature for several hours.

Characterization The structure and the morphology
of the samples were identified by X-ray powder diffraction
(XRD, BRUKER D8 FOCUS), a field emission scanning
electron microscopy (SEM, HITACHI S-4800), and a high
resolution transmission electron microscopy (HRTEM, JEM-
2010). The thermal decomposition behavior of the sam-
ple was detected by differential thermal analysis (TG-DTA,
SDT22960, TA Instruments, USA), which was carried out in
dynamic air from room temperature to 900 °C at a heating
rate 10 °C-min—!. For the mechanical measurement, the as-
prepared films were stretched on a Micro Bionix equipped
with a 5 N load cell (MTS Systems Corporation) at a strain
rate of 30 mm-min~!. Test Star ITV 4.0 (MTS Systems Corpo-
ration) was used as the data collection and equipment control
software. The test samples were trimmed to 4 mm wide and
25 mm long and the casting resulted in films that were approx-
imately 0.1 mm thick. All the measurements were carried out
at room temperature.

3. Results and discussion
3.1. Morphology and structure of MgBO,(OH) nanowires

Figure 1(a) shows the XRD pattern of the hydrothermally
synthesized products. All the diffraction peaks can be in-
dexed to a monoclinic MgBO,(OH) with lattice parameters
of a=1.2588, b =1.0400, c = 0.3125 nm, and § = 95.88 °C.
This result is in good accordance with those reported for the
bulk crystal (PDF No. 33-0859). The diffraction peaks suggest
that the samples were well crystallized. No XRD peaks arising
from impurities were detected, indicating the high purity of the

product. The low-magnification SEM image (Fig. 1(b)) shows
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a large yield of highly flexible nanowires with lengths of sev-
eral tens of micrometers. The enlarged SEM image (Fig. 1(c))
indicates that the nanowires have diameters of ~ 20-60 nm.
The aspect ratio of the nanowires can be determined to be as
high as ~ 500. Therefore, we can conclude that high-aspect
ratio MgBO,(OH) nanowires have been fabricated with high
yield and high purity.
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Fig. 1. (a) XRD pattern of the final products. (b) Low-magnification
SEM image of the as-prepared nanowires. (c) Enlarged SEM image of
the MgBO,(OH) nanowires.

PVP has been considered to be an important surfactant
for the hydrothermal synthesis of 1D nanostructures.??) Due
to its strong ability forming hydrogen bonding and complex,
PVP is favorable for promoting 1D preferential growth and
increasing the aspect ratio of 1D nanostructures. The effect
of PVP on the aspect ratio of the MgBO,(OH) nanowires is

studied in Fig. 2. A considerable dependence of the aspect ra-
tio on the content of PVP is exhibited. Very short nanorods
with an average diameter of ~ 45 nm and an average length of
~ 800 nm were obtained when PVP was not added during the
synthesis process (Fig. 2(a)). As the PVP content increased to
0.1 g, the average length of the nanorods increased (Fig. 2(b)).
When the PVP content was increased to 0.5 g, tremendously
longer MgBO,(OH) nanowires with lengths of several tens of
micrometers and an average diameter of ~ 30 nm were ob-
tained (Fig. 2(c)). However, the PVP addition did not help to
increase the aspect ratio of the nanowires further. Figures 2(d)
and 2(e) show the SEM images of the MgBO,(OH) nanowires
with PVP contents of 1.0 g and 1.5 g, respectively. Figure 2(f)
shows the average aspect ratio as a function of the PVP con-
tent. The ratio rapidly increases as the PVP content increases
from 0 g to 0.5 g, and it then decreases as the PVP content
continuously increases from 0.5 g to 1.5 g. Therefore, we can
conclude that the usage of PVP is a key factor for the forma-
tion of MgBO,(OH) nanowires with high aspect ratio, and the
optimal PVP content is 0.5 g.

the TG-DTG curves of the
MgBO,(OH) nanowires, which were hydrothermally synthe-

Figure 3(a) shows
sized under the optimal synthetic conditions (the morphology
of the nanowires is shown in Fig. 2(c)). The results clearly
show that the sample lost weight at a comparatively slow rate
at temperatures below 360 °C, and at a fast rate in the tem-
perature range of 360—600 °C. When the heating temperature
was increased above 600 °C, the sample weight remained al-
most constant, with very little variation. The sample weight
loss during the heating process is related to the elimination of
physically absorbed water and structural water, respectively.
The weight loss between 360 °C and 600 °C was 10.67%,
which is quite similar to the theoretical weight loss (10.7%)
for the conversion of MgBO,(OH) to Mg>B,0s. It also indi-
cates that the dehydration process was basically completed at
600 °C. The conversion can be expressed as

2MgBO,(OH) (s) — Mg:B20s (s) +H20 (g). (1)

The decomposition temperature was lower than that of natu-
ral MgBO,(OH). The smaller particle size may result in the
reduction of the decomposition temperature. The DTA curve
shows a remarkable endothermic peak at ~ 575 °C and a sharp
exothermic peak at ~ 664 °C. The endothermic peak corre-
sponds to the conversion of MgBO,(OH) to Mg,B,05, and
the sharp exothermic peak at 664 °C corresponds to the recrys-
tallization of Mg;B,0s. The results indicate that most of the
structural water was eliminated at ~ 600 °C, whereas a higher
temperature was still required to complete the recrystallization
of the nanowires.
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Fig. 2. (color online) (a)—(e) SEM images of MgBO,(OH) nanowires synthesized with different contents of PVP: (a) 0 g, (b) 0.1 g,
(c)0.5g,(d) 1.0 g, (e) 1.5 g. (f) Aspect ratio of MgBO,(OH) nanowires as a function of PVP content.
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Fig. 3. (color online) (a) TG-DTG curves of the MgBO,(OH)

nanowires; (b) XRD patterns of the products calcined at different tem-
peratures: (i) precursor, (i) 360 °C, (iii) 600 °C, (iv) 700 °C, (v) 850 °C.

Figure 3(b) shows the XRD patterns of the products
calcined at different temperatures. When the MgBO,(OH)
nanowires were calcined at 360 °C (curve ii), there was almost
no change in composition compared with the precursor (curve

i). The samples only lost physically absorbed water. Although
most of the structural water was eliminated when the temper-
ature was increased to 600 °C, the sample was still mainly
MgBO;,(OH) (curve iii). A higher temperature was required
to complete the recrystallization of Mg;B>0Os. When the tem-
perature was increased to 700 °C, the sample was well crys-
tallized. All diffraction peaks could be indexed to a triclinic
Mg, B,05 with lattice parameters of a = 0.6160, b = 0.9210,
¢ =0.3109 nm and o = 90.47°, § = 92.12°, v = 104.4°.
These results are quite consistent with those reported in PDF
No. 15-0537. No peak attributable to possible impurities was
observed, which indicates that only elemental MgyB,O5 with
high purity was obtained. After further increasing the cal-
cined temperature to 850 °C none of the diffraction peaks had
changed compared with the diffraction peaks of 700 °C. These
results indicate that the recrystallization of Mg, B,0Os5 has been
completed at 700 °C. Therefore, the conversion temperature
from MgBO,(OH) nanowires to Mg,B,0Os nanowires should
be controlled at about 700 °C to ensure the formation of pure
phase Mg>B,05 nanowires.

The heating rate during the thermal conversion from
MgBO,(OH) to Mg;B,0s plays an important role in the final
morphology of the Mg,B,05 nanowires. Figure 4 shows the
typical SEM images of the Mg;B,O5 nanowires treated under
different heating conditions. Figure 4(a) shows the morpholo-
gies of the products formed at 360 °C, with different heating
rates from 1 °C-min~! to 10 °C-min~!. With the increase of
the heating rate, the phenomenon of nanowire breaking did not
occur, because the precursor just lost the physically absorbed
water. Generally speaking, missing the structural water would
lead to an imbalance of the molecular structure and produce an
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inner stress that leads to a serious fracture. However, when the
heating rate was increased, the original morphology was still
not destroyed at 600 °C, as can be seen in Fig. 4(b). One pos-
sible reason for this is that the inner stress occurring during the
heating process at 600 °C was not strong enough and could be
quickly released from the thin nanowires. Figure 4(c) shows
the effect of recrystallization at 700 °C on the morphology of
the products. The molecular structure was recomposed and a
stronger stress was generated in this process. When the heat-
ing rate was 10 °C-min~!, the crystal structure was quickly re-
composed and there was not enough time to release the rapidly

generated inner stress. Therefore, a serious nanowire fracture
occurred. A slower heating rate is favorable to keep the mor-
phology of high aspect-ratio nanowires since there is enough
time to ensure the dispersion of the inner stress during the heat-
ing process. Therefore, we can conclude that the heating rate
is important in order to protect the aspect ratio of MgyB,0s5
nanowires in recrystallization. The recrystallization process
is critical to obtain high aspect-ratio 1D Mg,B,>05 nanowires

and a slower heating rate is favorable to protect the previous

morphology in the recrystallization process.

Fig. 4. SEM images of the products calcined at different temperatures and heating rates: (a-1) 360 °C, 1 °C-min~'; (a-2) 360 °C,
5 °C-min~'; (a-3) 360 °C, 10 °C-min~!; (b-1) 600 °C, 1 °C-min—"'; (b-2) 600 °C, 5 °C-min~!; (b-3) 600 °C, 10 °C-min—"; (c-1)
700 °C, 1 °C-min~—"'; (c-2) 700 °C, 5 °C-min~!; (c-3) 700 °C, 10 °C-min .

The above work has shown that a slow heating rate is fa-
vorable for the formation of Mg,B,0s nanowires with high
aspect ratio in the recrystallization process. Figure 5 shows
typical SEM and TEM images of nanowires synthesized under
optimal synthetic conditions. Uniform Mg;B,0Os nanowires
with an average diameter of ~ 30 nm can be observed in
Fig. 5(a).
the Mg>B,Os nanowires, establishing a diameter distribution

Figure 5(b) exhibits the typical morphology of

which is in agreement with the SEM observation. The explicit
lattice fringes along the longitudinal direction of the nanowires
were detected with the inter-planar spacing (0.590 nm) in
Fig. 5(c), which is quite consistent with that (0.596 nm) of the

(100) planes for triclinic Mgy B,0Os, indicating the preferential
growth of the nanowires along the c axis.

The formation of Mg;B,0s5 nanowires involves a pro-
cess of co-precipitation, hydrothermal, and dehydration re-
crystallization, as depicted in Fig. 6. Amorphous irregular
MgB303(0OH)s5-5H,0 and Mg7;B40,3-7H,0 nanoflakes were
first formed during the co-precipitation process at room tem-
perature. These nanoflakes were then gradually dissolved as
the hydrothermal temperature was continuously increased to
220 °C. At the same time, crystalline 1D MgBO,(OH) nanos-
tructures began to form under the assistance of PVP. The PVP
played an important role in this process. It has been reported
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that PVP possesses an excellent adsorption ability and can
selectively adsorb on special facets of a crystal by physical
adsorption or chemical adsorption.[?3! Herein, PVP could se-
lectively adsorb on special facets of MgBO,(OH) and confine
the growth of these directions. So, MgBO,(OH) nuclei grow
along a contained direction. Under continuous growth, 1D
MgBO;,(OH) nanowires were formed. Mg;B>0O5 nanowires
were synthesized based on the MgBO,(OH) nanowires by de-

r—
100 nm|

hydration and recrystallization at 700 °C. In this process, the
physically absorbed water and the structural water were elim-
inated at 360 °C and 600 °C, respectively. The heating rate
was not relevant with the morphology in the dehydration pro-
cess. However, the heating rate played an important role in the
protection of 1D nanostructure in the recrystallization process
at 700 °C. A slow heating rate (1 °C-min~") is favorable for
protecting the 1D nanostructure.

Fig. 5. (a) High-magnification SEM image the Mg,B,0Os nanowires calcined at 700 °C with a heating rate of 1 °C/min; (b) low-
magnification TEM image of the nanowires; (c) high-magnification TEM image of the nanowires.
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Fig. 6. (color online) Formation mechanism of the Mg>B,Os nanowires.

3.2. Mg;B,05 nanowire-reinforced PHA composites

In order to obtain PHA polymers with high mechanical
strength, the as-prepared Mg;B,0Os nanowires were used as
an additive in PHA polymers to form composites. We then
studied the mechanical properties of the composites with var-
ious contents of MgyB,0Os. Figure 7 illustrates representative
stress-strain curves for the polymer samples. The elongation
at failure is a measurement of toughness and reflects the to-
tal deformation that a polymer can withstand before fracture.
The Young’s modulus is a measure of stiffness that consid-
ers the slope of the stress response to deformation at very
low strains. The ultimate tensile strength is a measure of the
maximum strength of the material prior to the onset of plas-
tic deformation. This value is obtained from the maximum
of the initial peak in the stress versus strain diagram. Ex-
cised samples from the films were subjected to a strain ap-
plied at a steady rate in a pure extensional direction. The re-
sulting force response was determined and normalized against

the individual cross sectional area of the initial sample to de-
termine the engineering strain. The results shown in Fig. 7
indicate that PHA films can achieve elongation to break statis-
tics of 679% and ultimate tensile strength of 21.3 MPa when
the composition of Mgy B,0Os5 nanowires is 0.1%. The elonga-
tion to break and the ultimate tensile strength were increased
by 8.8% and 16.1% compared with those of pure PHA. This
result indicates that the toughness of PHA was improved by
the incorporation of Mg;B,0s. Moreover, the Young’s modu-
lus was also improved, as can be seen through comparing the
different slopes of the stress response to deformation at low
strains in the curves. Therefore, the rigidity was also strength-
ened. When the content of MgyB,0O5 nanowires was 0.2%,
the elongation to break increased by 11.1% and the ultimate
tensile strength increased by 27.2% compared with those of
the pure PHA. In addition, the Young’s modulus of the com-
posites was improved. Generally speaking, the toughness will
decrease with the increase in rigidity. However, both the rigid-
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ity and the toughness increased when the content of Mg;B, 05
nanowires was 0.1% and 0.2%. The Young’s modulus and the
ultimate tensile strength were only improved a little and the
elongation at failure was reduced as the content of Mg,B,05
nanowires was increased to 0.3%. This indicates that the ex-
cessive addition of Mg;B,05 nanowires increases the rigid-
ity but does not help to improve the toughness. Therefore,
we can conclude that the usage of MgyB,O5 nanowires not
only increases the toughness but also improves the rigidity of
the PHA polymers. The optimal reinforcement mix is 0.2%
Mg;B>05 nanowires. The Mgy,B>05 nanowires uniformly
disperse in the PHA, as can be observed in the fracture surface
of the composite (Fig. 7(b)). This indicates that Mgy B,0Os5
nanowires have good compatibility with PHA and that there
is an intense interaction between the reinforcements and the
PHA. This could effectively prevent the cracks from all direc-
tions and improve the strain strength of the composite. From
the fracture surface (Fig. 7(b)), many shallow dimples can be
found, which result from the top of the MgyB,0O5 nanowires
pulling out during the tensile deformation. This suggests that
the interfacial strength in the composite is intense and corre-
sponds to the high tensile strength.

25
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---- 0.1% Mgngos f_:” ’92%
20 - 0.2% Mg,B,05 0.3% .~ _.-"0.1%
& == 0.3% Mg2B205
=
<= 15F
=
g b
g W £
o 10 E}
= =
= 5 k]
2
(a) & % 20 10
0 ) ) Elongation/%
0 200 400 600
Elongation/ %

1 pm

Fig. 7. (color online) (a) The stress-strain curves for polymer sam-
ples tested in uniaxial extension with strain ratio 30 mm-min~' at
room temperature (20 °C); (b) fracture surface of the composite (0.2%
Mg>B,0s).

4. Conclusion

In summary, PVP promotes 1D preferential growth
and helps to increase the aspect ratio of the MgBO,(OH)

nanowires. The synthesis of high aspect-ratio Mg;B,0Os5

nanowires by the thermal conversion from MgBO,(OH) to
Mg;B,0s5 at a low temperature of 700 °C has been inves-
tigated, indicating that the recrystallization process plays an
important role in the protection of the 1D nanostructure. A
slow heating rate (1 °C-min~") is favorable for protecting the
1D nanostructure. Uniform Mg;B,0O5 nanowires have been
obtained with an average diameter of ~ 30 nm, an average
length of ~ 15 um, and an aspect ratio of 500. Moreover,
the elongation to break and the ultimate tensile strength of the
PHA composite with 0.2% Mg>B,05 nanowire content were
increased by 11.1% and 27.2%, respectively. The rigidity was
also tremendously improved. These results demonstrate the
effectiveness of the Mgy,B,05 nanowires for reinforcement
applications in polymer composites. Reinforcing MgyB,0Os5
nanowires are expected to have effective applications in other
materials.
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