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Introduction 

 One-dimensional nanoscale materials, such as nanotubes, 

nanowires, and nanobelts, have attracted much attention because 

of their interesting properties of understanding fundamental 

physical concepts and for potential applications [1，2]. 

Nanowires should be of interest especially for the mechanically 

strengthening materials, considering the important role played 

by tradition whisker-reinforced ceramic composites in the 

current commercial applications. Nanowire-like structures have 

been expected to effectively improve the mechanical properties 

of ceramic materials. As any example, SiC nanowires are 

particularly interesting because SiC whiskers are widely used to 

strengthen the ceramic materials by incorporation of SiC 

whiskers into these brittle matrices [3]. Recently, a delicate 

measurement combining atomic force microscopy and 

lithography techniques indicates that the strength value of SiC 

nanowires is a factor of 2 times the best observed previously SiC 

whiskers in micrometer diameter [4]. However, although the 

most promising ceramic composite to date is the SiC whisker-

reinforced Al2O3 ceramics with an exceptional toughness and 

strength, the materials possess a difficult processing and a high 

cost [4, 5]. Therefore, there have been considerable interests to 

develop the novel whisker/nanowire materials with excellent 

properties and inexpensive cost. Metal borates whiskers/ 

nanowires meet these demands based on their excellent 

mechanical properties, chemical inertness, low thermal 

expansion coefficient, and high-temperature stability [4- 5]. 

Refractory compound Al18B4O33 has a high melting point 

approaching 1950 C and is considerably stable even in an 

oxidizing environment [6, 7, 8].  

Magnesium borate whiskers/nanowires is one type of the 

metal borates  and are well known as one of the most important 

technical ceramics. Up to date there are a few reports about the 

synthesis of magnesium borates nanostructures [9- 12]. 

However, magnesium borate nanowires reported in the previous 

work [9- 11] were mixtures of precursor powders or fiber-like 

boron oxide agglomerates, or each nanowire was terminated by 

a ball-like particle attached one end. Therefore, preparation of 

uncontaminated whiskers/nanowires by a cheap, effective and 

facile-controllable method has been of scientific and 

technological interest. Herein, we present an alternative with 

much tractable route to the synthesis magnesium borate 

Mg2B2O5 wire-like bundles characterized by a comparatively 

low reaction temperature with the use of very simple precursor 

materials. This method is controllable, reproducible and 

environmental friendly. The Mg2B2O5 bundle- nanowires 

achieved in the present work are single crystalline in nature with 

monoclinic structure, which differs from the Mg2B2O5 

nanowires of triclinic structure synthesized previously [13]. 

Experimental 

The starting materials include magnesium chloride 

(MgCl26H2O) and de-sodium tetraborate (Na2B4O710H2O), 

were of commercial grades and used without further 

purification. A typical synthetic condition is described as 

follows: In beaker A, an aqueous solution was prepared by 

dissolving 4.92 mmol of magnesium chloride into 30 ml of 

deionized water and then an appropriate amount of ammonia 

(NH3H2O) was added to this solution to adjust the pH as 9-10, 

resulting in a milk white solution. Under continues stirring, in 

another beaker B, solution of borax (Na2B4O710H2O) was also 

made by dissolving 5.24 mmol into 120 ml of deionized water. 

The 30 ml of solution A was carefully injected as dropwise into 

solution B. An appropriate amount ~ 5.8 mmol of citric acid 

monohydrate (C6H8O7.H2O) was dissolved in the above mixture 

solution as ferment and chelating agent. Then the final mixture 

solution was stirred strongly for 2 hours and ultimately was 

evaporated at 150 °C in an oven for 12 hours  

Finally, the precursor powder of magnesium borate 

nanowires was got. After the sol-gel process, the barmy powder 

was placed in an alumina boat located in alumina tube, which 

was mounted in the traditional resistance-heated furnace (Figure 

3.3). The system was rapidly heated to 850 C and kept at this 

temperature for 180 minutes. High-purity argon was adopted as 

a protecting medium at a constant flow rate of 50 standard cubic 

centimeters per minute (sccm). After that, the as-obtained grey 

solid powder was filtered and washed several times with hot 

distilled water to remove the possible impurities remaining in 

the final products, and finally dried at 60 C in air.  

The crystal structure and phase purity of the product were 

examined by means of X-ray diffraction (XRD, D/max-RB) 

analysis with Cu k radiation. The overview of the sample 

morphology was identified by scanning electron microscopy 
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(SEM, JEOL JSM-6700F), equipped with the system of energy-

dispersive X-ray (EDX) analysis. Sample powder was also 

ultrasonically dispersed in ethanol solution and dropped onto a 

carbon coated copper grid for transmission electron microscopy 

(TEM, JEM-210F, JEOL), with a micro-analysis system of 

energy dispersive spectroscopy (EDS).  

Results and discussion 

XRD analysis was carried out to determine the structure and 

the phase of the final product.  

As can be seen (Fig. 1) all detectable peaks in this pattern 

can be assigned by their peak position to monoclinic magnesium 

borate Mg2B2O5 (suanite) having lattice parameters of a = 1.233, 

b = 0.3122 and c = 0.9210 nm. This result is in good agreement 

with the standard bulk values of Mg2B2O5 lattice parameters 

within experimental errors (a= 1.231, b = 0.3120 and c = 0.9205 

in the JCPDS Card no: 16-0168). It should be noted that no 

diffraction peaks from other phases have been observed 

indicating a purity of as-obtained product. 
 

Figure 1: XRD pattern of magnesium borate (Mg2B2O5) 

synthesized at temperature of 850 C for 3 hours 

 

Figure 2: SEM images and EDS spectrum of Mg2B2O5 

nanowires: (a), (b) show low magnification SEM images of 

the nanowires; (c), (d) enlarged SEM images revealing the 

geometrical morphology of nanowires 

Figure 2 shows SEM images of the Mg2B2O5 nanostructures 

synthesized by our method. The low magnification SEM images 

of as synthesized Mg2B2O5 shown in Fig. 2a and 2b, display 

wire-like bundles morphology. It is interesting that the 

nanowires in each bundle are tightly stuck together at the 

initiation growth and then funning out to form the typical 

aligned-wire-like a long bundle. The magnified SEM images in 

Fig. 2c and 2d reveal that the most-high purity nanowires in 

each bundle are straight and have uniform diameter over their 

entire lengths. From SEM images, we found that no particle was 

observed at the end of the nanowires. Energy-dispersive X-ray 

spectrum (EDX) was conducted for element constituents of the 

specimen shown in insert Figure 2a. As can be seen only 

elements Mg, B, O were detected. Quantitative results give the 

atomic ratio of 1:1:.2.8 for Mg/B/O. It was close to the ideal 

ratio of 1:1:2.25 considering the experimental errors. 

The TEM image in Figure 3a shows that each bundle 

composed of nanowires of high-purity with diameter of ca. 90 

nm. This finding corroborates the observations of SEM images 

(Fig. 2). Taking into account some nanowires have been broken 

in the process of preparing TEM sample using ultrasonic 

dispersion method. TEM image shown in Fig. 3b exhibits one 

bundle of Mg2B2O5 the nanowires with uniform morphology and 

clean surface without amorphous materials seen on the surface 

of nanowires, which possibly have been removed by hot 

distilled water. Moreover, it is clearly seen that no particle could 

be detected at the tip of wires. Indicated in Fig. 3c is an 

individual Mg2B2O5 nanowire and the corresponding SAED 

pattern. The selected area electron diffraction (SAED) pattern 

indicated that the nanowires possessed a single crystal structure 

consistent with the monoclinic structure of magnesium borate. 
 

Figure 3: TEM images of the as-synthesized product: (a) 

low-resolution TEM image of Mg2B2O5 nanowire bundles; 

(b) TEM morphology of one bundle; (c) Individual nanowire 

separated from the bundle, and its selected area electron 

diffraction pattern (inset) 

To study the function of CA (citric acid), comparative 

experiments were also conducted using different amounts of CA 

and keeping other experimental conditions the same as mention 

above. Typical SEM images of the as synthesized products are 

given in Fig. 4, which clearly reveal that the morphologies of as-

synthesized products in different amounts of CA are extremely 

different. As shown in Fig. 4a the as-obtained product is of 

irregular and short whiskers with an average diameter of about 1 

m obtained in the reaction system without CA. Usually, 

Mg2B2O5 product exhibits whiskers like-bundle with low ratio 

when the amount of CA used, less than 5.00 mmol (Fig. 4b). 

When increasing the amount of CA up to 8.6 mmol, short 

whiskers capped with many nanoparticles can be observed (Fig. 

4c). So we can conclude that an appropriate amount of CA is 

vital for the formation of Mg2B2O5 nanowire bundles and further 

can effect on the diameter scale. Although, the exact roles of CA 
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on Mg2B2O5 bundles growth are still unclear, we believed that 

the citric acid (CA) might play a role for at least one aspect: 

preventing the aggregation of Mg2B2O5 nanostructures in the 

initial stage and kinetically controlling the growth rates of 

various crystallographic facets of monoclinic Mg2B2O5 

nanostructures into like-bundles. 

 

Figure 4: Shows the overview morphology of SEM images: 

(a) Typical morphology of sample synthesized in the absence 

of CA; (b), (c) SEM images of the products synthesized at 

the presence of 4.6 and 8.5 mmol of CA respectively 

In addition, the temperature is an important factor for the 

production of the Mg2B2O5 nanowires bundles. If the reaction 

temperature is below 850 °C the as-obtained products are not  

nanowire bundles but indicated a large quantity of irregular 

short whiskers (Fig. 5a). On the other hand if the reaction 

temperature is 950 °C or above, the reaction is too fast and thus 

the morphology of the Mg2B2O5 is not easy to control, although 

of that the as-obtained product consists of relatively short 

rods/whiskers with large diameter (Fig. 5b).  

 

Figure 5: Shows the overview morphology of SEM images: 

The morphology of the samples fabricated at 800 °C (a), and 

950 °C (b), in the   presence of 5.8 mmol of CA 

Thus, the obvious changes of the product morphology 

indicate that the influence of the temperature is very important 

in the wires formation process using this method. These 

experimental results assured that in the presence of 5.8 mmol of 

CA, the optimal conditions of the as-fabricated Mg2B2O5 

nanowires with fine diameter and with like-bundles morphology 

should be conducted at 850 °C for 3 h. 

As for nanowires, nanorods and nanotubes preparation, the 

vapor-liquid-solid (VLS) and vapor-solid (VS) mechanisms 

have been widely used and also were discovered to be effective 

for the growth of metal borates [9,14- 17]. The feature of the 

VLS mechanism is the presence of intermediates that serve as 

catalyst between the vapor feed and the solid growth at elevated 

temperature and the morphology feature is a catalyst ball found 

on the tips of the nanowires [16-18]. However, no catalyst 

materials such as Fe, Co, or Ni were added to the starting 

precursors, and  furthermore, our extensive TEM observations 

(Fig. 3) indicated that no droplets were observed at the ends of 

the nanowires which show that the VLS mechanism seems not 

to be the case in this work. We also suggest that the vapor-solid 

is not involved in the process.  In the typical VS process, the 

vapor evaporated from the starting materials and deposited 

directly onto a lower temperature region and grows into 

nanowires structure determined by the super saturation [19]. 

Hence, in this work we expect that the most possible growth 

mechanism of the nanowires were basically fabricated through a 

catalyst-free growth rather than VLS process. Firstly, during the 

reaction process; when the high super saturation liquid-droplets 

phase of Mg-B-O takes place at elevated temperature, allows its 

nucleation to stack themselves and Mg2B2O5 crystals will begin 

to grow from the droplets into like nanostructures. The formed 

nanostructures may provide the initial environment for the 

growth of nanowire. Secondly, with the help of the confinement 

of citric acid (CA) the as-produced nanostructures tend to form 

nanorods bundle due to the diffusion-control growth [20]. 

Further nucleation and epitaxial growth will take place by the 

diffusion of the reactants through the droplets to the growing 

fronts of the bundle. Thirdly, with the prolongation of the 

reaction time, Mg2B2O5 nanowire bundles are formed by further 

growth and re-crystallization process. 

Conclusion 

In summary, single-crystalline nanowires  bundles were 

successfully synthesized by directly heating the precursor 

powder made of  aqueous solutions from magnesium chloride 

and de-sodium tetraborate with citric acid as additive. The 

characterization of the nanostructure through TEM and SEM 

shows the nanowires  are gathering together in a form of bundles 

with approximately ca.90 nm  in diameter  and almost are free of 

contamination. The nanowires's growth is attributed as a 

catalyst-free growth. This simple and low-cost method may 

account for commercial production in order to find applications 

such as reinforcing materials and thermoluminescence phosphor. 
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